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"ABSTRACT / - : 4

-Isolated - single fibers from the ahteriéru(a.f%&.) and

® y ¢
1

jf the}postefiof-(p.l,d.) ,lattissimus

. ‘ ]
bryonic and young chicks were to st%gy ln Vivo develop-

ment of membgage e%ectrlcaljpropert1es. Isola%ed £1bers were'

obta1ned_vby. an enzymat1c d1ssoc1at1on' procgdure. Intra-

cellular microelectrode réco;dinQSvfrom iSOIaQed tlbers. 5ha 3

) o . : 3 H e . "
from ‘fibers in intact muscles showed that the d1ssoc1at10n

4

dorsi @psclés ‘of em- -

w

L

procedure did not significanﬁly alter resting membraneﬂ' 

7:

potentials, input resistances or membrane t1me cons¢ants.
The 14 day embryonic fibers of a.l.d. and .p. 1 d. \\ard‘
- have . a' measurable resting conductance to chqulde. 'Ki

hatching, about 70%§?f the resting;cconductancep i?? p.ll@.
fibers was due to Cl-. Membrane eléctrical properties were
estimated from the analysis of voltage resgpnses Qto _intra-
cellular injection of rectangular current pulses. At 14 days
in ovo, membrane resistance (R,) vas approximately 20 * kQcm?
and membrane capacitance (C,) was 1-2 uF/cm? for.botﬁ a.l.d.
and p.l.d. The mean membrane length constants (Q) Qere
1.7 mm for a.l. d. and 1.5 mm for p.l.d. The mean mé;Brane
t ime COnsta;ts (T ) were 35 8 ms for a.l.d. and 25.3 ms for
p.l.d. For p.l.d., the values of R,, 7, and A decregsea as
development proceeded; For a.l.d., there”was no change in
these values by the time  6£ hatching ‘(21 days). The
.decreases in the electrical constants for p.l.d. fibers were

rartly explainred by the appearance of a resting conductance

to ) Auring the last week of embryonic development.
3
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‘Cultures of mustle cells derived from embryonic "a.l.d. and
(¥ Co . - o,

o

p;l;d.v;muscles:rdid not show fiber type differentiation in
culturé with, respect tg resfing Cl- <conductance. -
. ¢ o Y o

N 'y ] o v .
Membrang, ecurrents . were recorded under voltage clamp
T v - ¥ i .
from,ghic&‘skeletal musclé with the  whole-cell version “of

e g :

tMe " patch clamp technique. (Hamill et al., 1981). Muscle
fcells'hé?é‘grown ih tissue culture ‘in the presence of 10°-* M
colchicfng_ which encouraged formation ‘of. sperical muscle

cells (mydballs)& Membrane Cl- currents, which wunderlie a

long durationy action potential, were studied in detail.

AN
»

Reversal potenfials for the steadyfétate currents varied
wikh Cl- 'concentration in a mannedr predicted By the ﬁernst
equatién. Cl- currents were bloc gd reversiply by SITS
(1.0 mM) and SCN- (10 mM) and irreversibiy by DIDS (10 uM).
The currents activated slowly, following a delay, in
response to step depolarizations from a negative holding
potehti?l. Time constants for activation were obtajred by
fitting the rising phase o~f the currents with a single
exponential and with another exponential of thg opbbgire
polarity to account for the delay. The maijor ri;o conetant
was dependent on voltage and derreased from about 200 ms At
-30 mV to about 50 ms at 30 éV. The ] cufrente Higinor
derline during maintained depn~larization indicating l»=ck of
an ‘inactivation mechanism. Folloding dAeprlarizinag pulses
which activated the cnféonfs, currente whirh  flowed v ing
repolarizatrion (tail curreonts) Reclined elowly and

: v
completaly. Tail currentn Wwere fittod with the THm o f b
pletaly.

v (- 3
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exponentials, On; éxponential component had aﬁ 'eitremely D:
fong time ébnﬁtant on the order of seconds. The kinetics of
the tail currénts suggésted that there must be a. long—livgd
.-open state! from which the channels retﬁrned‘Ver} slowly to
the closed state. Since three distinét t%me constants were
found, there must b%‘ at lga;g‘four kinetical;y distinct
states: two clpsed stat%s and two open stdtes. Instantanéou#
current-voltage plots 'were linear indicating‘that the open
channels behaved ohmically. Conductance values could then be
calculated. CI- conductance sthed‘a sigmoidal dependence on
voltage. Conduqfance was low at potentials more negative.-
than =45 th;rése steeply between -40-and 0 mV and leveled
off above 0 mv. For potentialg‘more negativéi‘thaﬁ —25’ mv,
conductance qpangeda e-fold for an '8 mV_dépolarizatjén.
Maximal conductance was 1.03 + 0.7 mS/cm?® (g ;< é.D.;

n - 14)§ SimMilar Cl- currents were'recorded from muscle
cells that had developed in vivo, i.e. this Cl- conductance

mechaniem ie evprassed during the couyrse of normal develop-

]

meny b : s
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I..ION CHANNELS IN VERTEBRATE EKEQETAL MUSCLE

The transmembrane ion movements uﬁzeégying excitability
in skeletal muscle fibers are control;éa by voltage- and
time-dependent membrane permeabilities. UQi;;?;btein molecules
residing in the lipid bilayer appear to‘bé%;esponsible for
‘these membrane‘propert@es. They form transmembrane pores
vhich permit ion movements and are refé;red{ to as ion
channels. Each type of ion chanﬁel, ﬁas chqﬁﬁqéfristic
permeébility, selectivity and kinetic'properties(Ar@étrohg,
'1975; Hille, 1976; Neher & Stevens, 1977; Ulbricht, -1977;
Armst%ong, 1981; Hagiwara & Byerly, 1981). |

Electrical excitation in adult skeletal muscle fibers
invoiQes voltagé; and 'time-dependent changes of perméa—'
bilities to Na® and K' which allow a transignt influx of Na*
tons followed by an efflux of K*® ions (Sﬁefani &
Chiarandini, 1982). As a result of these ion movements, an
action potengial is generated. 1In addition to Na® and K’
channels, a voltage—depe%deht Ca?* channel has been des-
cribed in several preparations (Hagiwara'& Byerly,A1981;
Stefani & Chiarahdini; 1982). At the restinﬁ\gfmbraﬂe poten-
tial, Cl- and additional K' channels are primarily respon-
sible for resﬁihg‘membrane conductance (Adrian & freygang,
1962; Paladé'& Barchi, 1977). Most of theggvK‘ channels pass
inward current more easily - than outward current and are
known as inward rectifiers (Adrian, 1969).

Studies of ion channels in adult skeletal muscle have

extensively utilized  voltage «clamp techniques. Since the
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membrane permeabilities vary as.a‘funciton of .voltage * and
time, the ability to control voltage makes it possible té

measure ionic currents directly. 1In addition, membrane

voltage can bhe changed.almost inetantaneously, permitting

separation of capac1tat1ve and ionic currents. A recent
refinement of voltage clamp technlques has made it feasiblé
to resolve-current flowing through ;ndlvldual ion channels
(Hamill} Marty, Neher, Sakmann & sigworth,.1981).

~The application of voltage' clamp techniquee to

developing skeletal muscle fibers is technically difficult

"because of the small size and fragility ef‘embryonic-fihers.

Most of ~ the information concerning ion channels in.

& , E ,
developing fibers has been derived from studies of current

injection. 'Several general points can be Made however. The
excitability properties ‘change durlng the course of develop-
ment (Spltzer 1979). These developmental changes reflect
differences in the types of channels that are expressed and
d1fferences in the ‘densities of ch;hnels in the 1mmatqre
fibers. Other factors, such as differenees‘in ‘intracelluler

ion concentrations (McArdle, Michelson & D'Alonzo, 1980),

may ;also be involved.

., The -following sections descrlbe the propertles of" 1oni

y‘”channels present in” 1nnervated and denenwabed* adult ‘muscde

LTRSL IS .o gy «v ;‘ vy ‘ﬁ” ‘..?{f( 8 oy @4‘?‘“‘7}" 4,;,,; -
flbers and in developlng muscle fibers. St

L gt
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A. lon Channels in Adult_Skeletal Muscle ’

Sodium channeis

Lt

lThe ionic currenfs underlying the ‘action potegtiél.in'
skeletal muécley;ere first described in frog muscle using a
r.thtee—micr;electrode voltage clamp technique _JAdrian,
Chandler & Hodgkin, 1970a)i An early, transient inward
current was identified as a Na"%urrent.;It was'blocked by
tetrodotoxin (TTX), a specific bloéker forf Na“® channels
(Narahashi, Moore & Scott, 1964), and reversed at a membrane
potentiai close té fhe Na”’ equiiibrium“potehtialb~ Théﬁ time
.rﬁggluﬁion for recording Na® 'currents was greatly imprdved
‘b& 'pﬁe introduction of the’ doUblé ‘SUcrosejgép’ :clamp‘
(Ilaefénse & Rougier, 1972) ‘and' the ‘'vaseline gap method
(Hilie & Céhpbell, f976f} ‘The development of current in
response to depolarizing §oltage ‘stepS'.wés sigmoidai in
shapé. Currents were fit with a Hodgkin—Huxle& kinetic model
(1952b) Wwhere Gﬁa,= Gﬂixmsh. The conductance to Na*® ions;
hGNa' had a maximal value, ngx, where néérly ‘;ll of the
channels were open. The third power of m was needed to
describe the slow buildup of G fol]éwiné‘i stepv depolari-
zation. The physical analogue of suchia process}is that
three particles, voltage sensitive 'gates', must be ‘near A

certain area. of the* membrane at ‘once in order-for Na' ions

.toﬂcfbss..?hé ”probSbilftyMﬁqf each gate being there is

described By "the parametes m. The activation variable, m,

increased as potential was made more positive -whereas the
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ioactivation Qariable: h, ecfeased. |

‘Na‘ conductance was found to be very voltago dependent.

It rose steeply for small depolarizing pulse§ increasing

e—fold for ~a 3.7 mv depolarization and leveled off above

0 mV. The membrane potentiol at thch the conducﬁance was

half activated was arou;d'-so mV and thé time'conStant‘of

" activation (7,) at 0 mV ranged from 0. 5 to 1 25 ms (2 5° C).

The Na* currents were found to inactivate, i.e dur1ng a

ma1nta1ned depoﬂ.}1zat1on the currents declined. Inactlv-

ation was voltage-dependent. The membrane potontial for half

inactivation was around -70 mVF and the time constant of

inactivation (1 ) at 0.mV was about 1.5 ms. The information

obtained from the voltage clamp data was used to numerbcally

reconsﬁruct the action potentlal . {Adrian et al., 19703).

.~ Peak Na* Lcurrent density was about 4 mA/cm? apd maximal Na;

rd

conductance was 330 mS/cm?.

=

Na*® currents récordéd from mammalian fast;;,,and
, : i

slow-twitch muscle fibers have been reporter;o be gimilar
to those of frog muscle. Only mino;~ modific;tions -of m’b'
kinetics were necessary to flt Na" currents in rat musolo
(Paépone, 1980). The activation curvefwéﬁ‘shifted 10-15 mv
in the ‘hyoefpolariéing di}ection from that found in frog
muscle. Thls shift would increase the llkellhood of repe-
titi&o actlon potentials. Rates’ of act1vat1on at potentlals‘
more negative than -40 mV were 51gnlflcant1y slower in rat

than in frog. Values for maximal Na' conductance were

similar in the two species. In rat, GU3¥ was 120 mS/cm? -and

G



peak Na® curreht dehsity was . 2.5-4.5 mA/cm? ~ (Adrian &
Marshall, 1977; Duval &viéoty, 1978; Pappone, 1980). Slighf
differences betweeh Na* currents in fast-. and.'Son—twitch
fiberé _have been noted (Duval & Léoty, 1980a). Peak Na’
current occurred at less negative poténtiaISu and the
reversal potential was about 7 mV more negative in ;IOWr
ihan'in fast-twitch fibers. The difference in the féversal
potential is consiséant with the finding that the intra-
cellular Na’ concentration is higher in slow-  than
fast-twitch fibers ,(Sreter & Woo, 1963; Yonemura, 1967;
Cﬁutkow, 1973). Also, the density 5% Na*® channels Qppearsmto
be lower 1in slow- than in fasé—;wiﬁch fibers based on d%ﬁ—
ferences in saxitoxin (STX) binding capacifies (Hansen‘Bay-&
Strichartz,'\980). | |

| Selectivity of Na“ chaﬁnels has been studied 1in frog
(Campbell, 1976) -and. in rat (Pappone, 1980) mus;le.'The
fatio of Na* fo‘K’ permeability (PNa/PK) was 0.048 fof frog
and 0.045 for rat. Perméability ratios for variouszcat;ons
were very similar to the results obtainedﬁ‘by Hille (1975)
for Na°® channels in frog- node to Ranvier. Hille charaé—
terized the ionic selectivity of- the channels' by
systematically testing the permeability to an extensive list
of smali organic and metal cations. He propssed. that a 3.i X
5.1 'ﬂ_ oxygen-liqed pore would account for the exclusion of

all impermeant cations on <imple geometric and chemical

grounds.



Based on the density of TTX or saxitoxin (STX) b1nd1ng
sites in frog muscle, which’ ranged from 175 to 380 s1tes per
um?  (Almers. & Levison, 1975.: Jaimov1ch, Venosa,'shrager &
‘Horowicz, 1976°‘Ritchie &‘Rooart "1877) and on max1ma1 Na*
“conductances of 50 330 mS/cm2 (Ildefonse & Roy, 1972 Hllle
&lcanpbell, 1976)- a 51ngle .channel conductance of 1.5-15 pS
was calculated.'.Th1s range of values is close to the value
of 18 pS determined from 51ngle channel records in cultured,'
rat muscle (Slgworth & Neher, 1980).

Evidence has accumulated which 1nd1cates that Na*
channels also reside inf the membranes of the transverse
tubular.5ystem. This system of tubular membranes plays an
inportant role in transmittfﬁg tne eledtricaiQsignals of the
sUrface.membrané'into the central part of the muscle fiber
‘to bring about a nearly synchronous initiation of contrac-
tion of myoflbrlls located at varying depths from the»
qurface. The rad‘pread of mechanlcal activation has been
reported to have a Q,o of 2 which is not: ‘easily explalned by
purely passive propagatlon of electrlcal -signals along the
tubular membranes (Gonzales- Serratos; 1971). spread of
mechanical act1vatlon was also reported té be less effectlve
in Na* deficient or TTX- conta1n1ng solutlons (Constantxn,
1970). In addition reduction of ‘Na* concentratlons in the
:lumen of the transverse tubules or appllcatlon_,of TTX to
block regenerat1ve act1v1ty of' the tubular membranes has
been shown to reduce tw1tch ten51on (Bezanilla, Caputo,

GonzAles Serratos & Venosa,. 1972; Cabuto & Dipolo, 1973;
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hastian‘ & Nakajima, 1974). DetubUlation.ofjmuscle fibers
(glycerol~induced.osmotic shock wﬁiéh intefrupts the con-
'tinuity" between surface and tubular membranes) has Seeq
_shown to redﬁce TTX binding capacity by about 50%_(Jaimovigﬁ
- et al., 1976)._Tubu1ar Na® currents have been reédfded. They
éppéarea asllate; slow inward:currents under ﬂvolfége clamp
(Hille & Campbell, '1976; Mandrino, 1977). Therefore,
voltage*depeﬁdent Na® ‘cOrrents 1in the membranés of the
transverse tﬁbular system contribute ¢to the spread of
»depolarizgtion along the tubules and are neégssary for full

;

mechanical activation,

Potassium Channels: 3 -
- v

 SevéEai types of K* " channels have been described in
frog‘skeletal muscle. 1) Delayed rectifier channels give
rise to a fast outward current which is responsible for the
repolarizétion phase of.the action»potenrial (Adrian et al..
1970b).> The rurrents reach a maximuom in about 100 ms at
-30 mV (37 ). ?2) Slow K Ch$>n91c generate slow crwurrents
that reach a maximum ip about ? & at 30 mv (37 C) (Adrijan
et al., 1970b). 3) The invard rectifier is responsible for
. » conductance increase when the membrane potentjal is
shifted tn %ora negariv; Jevels (Adrian & . Freygang, 1967;
Adrian ot al., 1970b). 4) Ca’ dopendent K* chahﬁels, which
open following increases Jn intracellular ra?’ concen

trations, have been postulated to exist in frog mus~le (Fink

& LUtrgav, 107A: NWioala “i+vi  GAn-haw 2 Stefnni, 1Q80)

P
»



Delayed Pectifier' The'preSence ofA}a clear repolar1-«
zation phase of the action potent1al and of delayed currents
in detubulated fibers demonstrate that delayed rectifier,“
channels reside in the surface membrane (Gagé & Eisenberg,
1969; Nlcola 51r1 et al., 1980). There mayqalso be delayed
rectifier channels : popularing the tratheﬁce tubular
membranes s;nce'the late afterdepolarlzatlon followinq: a
train of splkes was observed to be slower in. larger diameteér
f1bersv(K1rsch, Nichols & Nakaj1ma, 1977). The densxty'dﬁ K*
channels has been estimated tgﬁbe'about 14 channels per um?
which is 20 times less than fhat esrimated;ipr Na*. channels
(Almers & Levison, 1975). e

Tetraethylammonium (TEA) has been shown to blgck

delayed ‘rectification in wmuscle as it does in nerve'
(Armstrong, 1975’. However, th& affinity of ‘the binding
sites in muscle IWaa lower by an order of magnitude. TEA
shifted the threshold and the activation curve to sl1ghtly
more negative potentials and also slowed the rare.of onset
of the currentg hy a%out 80% (Stanfield, 1970b). |

Tn  frog muscle, the delayed outward K* currents could
be fit with a Hndgkin-Huxley kinetic model (1952b) u51ng nf‘

max_,

kinetirs, 1i.e, GK n', The membrane potent1al~at whxch'

N,

activation was half max1mal was around. -5 mV,and he' time.

!

constant  (1,) vas 5-8 ms at 0 mV. The conductance increised

e fold for a 3 mv depolarizatibn. Maximal K* conductance
ranged from 6-23 mS/cm? (Adrian et al., 1970a, Stanfleld -

10Nk Stanfield, 1975, Almers 1976). The 1nstantaneous

- .
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current- voltage relatlonshlp was approxlmately linear with a
mean equ111br1um potential of '85 mv. The currents inacti-
vatéé expoqentlally with a time constant of 0.5-1 s at 10.mv
(20° C). The steady-state inacfivatgdh curve was less steep
than that for Na‘' current and?the potentigi for half inacti

vation wag apnroxwmafely 70 mV more positive (Adrian ot @]

19702)

N

n

Delayed rertifier currents 7 mammelian mus~le have
been'\ reported tn be <ecimilar to those in freag muscle

(Pappone, 1980; RBeam' & Nenaldeen, 1982a)  Curyent density

and time c~urses were sgimilar in fgn! and eleow twiteh
. o : . . . P
fibers of rat. However. strw-twiteh  fibere exhiited an

additional li';rgﬁ-v"*s](\w R' ~vrrent whinh "‘::c'ayﬂd ith a time
constant abnut 10 timee 1~nqger thar that of 'he Aalayned
“wrrant (Nuval R Térty, 107R: 178N~ p)

Slow potassium charnela: T fyon mogele, ' i1 current
meacurement g euaqgested 'he precencms ~f 3 "Rlrwly Aav- Toring
K’ cnrrenpt that rearhed a “avimun 'n oakeot 3 g at A Y anA
then !=1r~w1Y inactivate?! {~n yeneh a final ate Ay mtat - ‘ev”
of ab 't one thiv A Af 46 ma imur goeplituvd (AdY ian oA,
1970R). “'ew K s nrrenta bace been dAire tly v;t""vﬂﬁf" after
Flockade ' the @ layed roctifioc: with TREA in inta-' fiberg
(S?anfiq]d, 197023) “nd 30 thr cut fiher preparation (Almere
2 Falade, 198 1) . The tine ~~nurse of the rﬁrrnnr” C(H]ﬁ %;
fitted with a Hodglin mo-1., rde 11957k) Wil n? kinet ~e

ooy
and the t'w e ety ! v e Tl 0 T w0 ey B

et L R A i Y oty ' n '
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the slow~currentsﬁ§aé about£10'mv'more négéfive than that of
the deléyed éurrent. T?is*differenéé has been e;plained by
postulating that the slow K* channel’ is more selective for
K* ‘thaﬁ the éelayed reCtifier.'Slow K* current density was
about oqé sixth of déiayed rectifier current density.

In slow-twitch rat fibers,‘a promiﬁént sloﬁ K* conduc-
tance hae bheen reporteé.to be present. In éontvast to the
find;nqs in frog muscle, the rq&é}sél potentialnfor the:
delé?ad and slow ourwa:é currents was identical in detubu-
lated fﬁhers. In fast-twitch gfbers, a much smallerdsloé
component could be inferreé from thé tail currents. Howéﬁer,
thi~ component 'seemed to the result of K* ac muléfion in
the lumen of the transverse tubular system as it yas absent
in detubulated fibers (Duval § Léoty, 1980a, b; Beam &
Donaldson, '0R3k) Therefore, it appears that fast-twitch
muscle has rnly  the fast delayed ;aﬂfif¥9r while the
slow twiteh muerle has an additional slow K° current. The
functian of the slow K' ~urrent is unknowﬁ,iépFTEtg‘gid#m'
kineti, e euggect that it mry play a role in repetit;ve 5&{11;“
vity. €low twitch fibers do not show the repetitive firing
in responee to prelonged  depolarization H\ét’ fast-~twitch
fibers dn (Duval & Légty, 1980a).

TEA and In’’ have heen réported to . block. the .delayed

rectifier while having, only a smal 1 -éfféct on thé slow

. : ' S RN ! - ' s
current (Stanfjeld, 1975). Tn mammaliah mU8cleé, TRA blocked . .

hath cutrents while 4-aminnpyridine blocked only the ‘delayed

»

v o

Prier ‘Dagal & Téoty, 19°0h), “iethpryracarbodatéf’ a

. &
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histidine'reagent has been reported to selectively - block

\

the slow current (cf Stefan1 & Ch1arand1n1, 1982).v6h§*diff
ference in nnarmacology between the two 'currents supéSEts
the idea that the slow current= are carried by channels dis-
tlnct from the delayed rectifier channels.

fnwandm rect.ifier - The -‘resting’ conductance of frog
-muscle shows inward- q01nq or 'anomalous' rectification since

it allows K° to move in across the membrane more eas11y ®hahn

out (Adrian, 1969). Experiments on isolated single muscLe

fibers (Wodgkin & Horowicz, 1960; -Adrian & Freygang, 1962)
and on detubulated fibers (Eisenberg & Gage, 1969) strongly

: ‘ 1
- suggest that inward rectifier channels reside, for the most

part, in the transverse tubular membranes, The channéls show
voltage- and time-dependent properties. Ip frog muscle, it

has been shown that the conductance is activated by hyper-
po]arization (Hestrin 15873'tééén‘&“Sténfieid,“198%f=

conductapce was found.-to 1ncrease e-fold. for a 12 mv. hyper~

o " Rl e “

polar:zatlon. The tlme constant of éctlvat1on versus voltage

curve and the conductance versuq vo]fage curve were found to

shift te more pos;tlve voltaqes when the external K roncen

fration wag increased. Nn aprreciable effect of intra-
~ellular K' croncentratinnp was found. Thns, the rondurtance
mechaniem depands on valtage and external ¥'  roncentration
(Adrianr ‘& Freygang, 1962: Adrian et al., 1970b)., Rectifi-=

ration of current flmw through thie K ahanne) seems to be

partly the redilt ‘of voltage dJdependent gating (Hestrin,

10R 1) apAd partly the reaplt of ingtantanensus’ rectification

“t
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of the channels since the 1nstantaneous current- voltage re-
latlonshlp has  been found to be nonlinear (Leech' &
Stanfield,‘1981). The mechanism underlying rectificetion in
individual channels has not been determined. The inward
rectifier in fast- and slow-twitch nammalian fibers has
similar properties to the inward.rectifier in frog (Duval &
Léoty; 1978 ; 19893, b). The inward rectifier has been found
to be blocked by TEA, Ba?’" and Sr?*, but not by Zn?*
(Scanfield, 1970a;-Standen & StanfTeld, 1978).

Inward rectifier currents recorded under normal 1on1c
condltlons (low external K*) have been observed to' decllne
during maintained hyperpolérizing'voltage steps. The decline
has been demonstrated- to be partly -the~‘result -ofa K‘
depietion 1n the lumep of the ¢ransverse—§ubular system, andw.

~ H

partly the result of a fall 1n K* conductance for extremely

large hyperpolarizing pnlses (Adrlenf:&fwﬁreygangl ﬁ1gsggﬁv;‘

Adrian et al., 1970b; Almers, 1975)..The fall in conductance
for the evaeme hyperpolarizing pulses (more negative than
150 mY) was shown to be the result of a potential dependent
h1~ck by erternal Na' (Standen & Stanfield, 1979).

re

N~ise analysis of inward rectifier currents in frog

muscle - has glven a slugle channel conductance of ahout 9 pS

v
<3 ‘ Ny "o 3

(DeCoursey, Dempstnr I3 Hurter,_v1984). Ca]culated channel
density was 1 channel per um?. Recordings of e1ng1e channel
currenrg, resnrlting from h]ocklng and unblock:ng by Ba? in
~ultyred rat muscle have also glven a value of about 10 pS

v eingle channel ccnducran:e (Nhmary, Yhshida &  Hagiwara,
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1981).
In summary, two preperties of the inward reetifier
channels distinguish them from 'nornal{ delayed rectifier
channels. First, conductance of the inward rectifier
increases as membrane potential is made more negative. ~Tne'
opposite is true for delayed rectffier channels. Second,
conductance of the inward rectifier channels -depends on
external K° concenffation yhile the conductance of the
deleyed reetifier is indepéndent of K' concentration. The -
molecular mechanlsm of this pecullar dependence on external
K~ concentratlon is not understood |
Calc:um—-dependent potasszum channel S: Ca'z‘—depena‘ént
“TK channels have"been descrlbed in.a variety, of different
‘cell types (for' review, Kostyuk, >.1984). The conductarce
ldepends on Ca" and on memﬁrane potent1a1 Studies”of singie
vchannel events in ~cultured rat skeletal muScle have -shown
that elevatlon of intracellular Ca? levels increased the
‘fréquency and durat1on of the open state, A SimiLar effect
was produced by membrane potential with an e~foid increase
in conductance for a 15 mV depolarization (Barrett, Magleby
& Pallotfa, 1982) . Ca"“dependent K channels from rabbit
(Laterre ; -Verqéra j A " "Hidalgo, 1982) and from rat
(ﬁnezydlowski ¢ Latorre, 1983) tranenerse tubular . membranesv
bave ‘been studied in‘planar phospholipid bilayers. Tt was
suggested that the channel reguires two bound Ca?" ions for
activation and that it is the binding steps whieh are

vnltage depeandent while the npening and  ~lneing nf the
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K*-selective pore is voltage-independent ', (Vergara,

Moczydlowski &'ﬁatorre,.1984);*“ |
J The single channel conductance has been reported to be
300 pS '(Barrett et al., 1982; Latorre et al., 1982), The -
large conductance and the high Ca?* and voltage sensitivity
of the channel suggests that it is suited to resiat
depolarizations of the menbrane potential which are accom-
panied .by ;increases in intracellular Ca?* concentratlons.
Thus, these channels may be" a link between. exc1tat10n-con—
tractlon coupl1ng and membrane repoiariaation.
Calcium channels. .
| Voltage clamp studies of frog muscle fibers have
revealed slow inward currents.carried by Ca?* (Sanchez & -
Stefani, 1578; Almers & Palade, 1981). Currents were
abolished by Co?* and Cd**, known blockers of Ca’; channels
(Hagiwara & Byerly, 1981), or by renoval'of externai Ca?*.
Current-voltage relationships showed ‘that currents were
evident’ at -40 mV and reached a maximum at 0 mV. Maximum
inward current was 80 pwA/cm? and maximum conductance was
2-5 mS/cm®. Ca?' currents could be fit with a Hodgkin—Huxley‘
kinetic model (1952b) using m? kinetics. The membrane poten-

tial. at which half act1vatlon occurred was —39 mvV and theL

-’

time canstant of actlvatxon (r ) was 0. f1 s at 0 mv ’4WLth? o

maintained depolarization, currents declined completely. The
time constant of inactivation was 1.1 s at 0 mv. However, it

is not entirely * clear what mechanisms = underlie



'inactivation' of the currents. It could be‘é voltage depen¢
{

dent process (Cota, Nicola Siri & Stefan1, 1983) or
depletlon ‘of Ca?* in the lumen of the transverse ‘tubular

system (Almers, .Fink & Palade, 1981) or perhaps a
' v ( ) .
2*-dependent inactivation as seen in ‘some nerve cells
3 N '/> -
(Kostyuk, 1984).
Ca®® channels have been reported to be located mainly

in the tubular membranes (Potreau & Raymond, 1980; Almers et

<

.1‘5. :

.al., 1981). In detubulated fibers, a linear correlation was

found between the degree of electrical continuity of the
tubular with the surface membranes and the magnitude of the

Ca?* currents (Nicola Siri-et . al., 1980) The functlonal

v

role of Ca?*' channels 1in muscle 1is not clear. Skeletal,‘,

Y

muscle fibers are well known to rely on internal stores of
Ca?* for regulatlng cytoplasmlc Ca"‘concentrat1ons. During
a~normal action potentlal, an.1ns}gn1t1cant amount ‘of_*paz*
would enter the fiber through tbese channels to directiy

activate tension (Potreau & Raymond, 1980; Almegs & Palade,

1981).

Chloride channels E "; S ”7‘7"‘2 -

Cl‘ channeIS'fmakeF“af 51gnifloant contrabutlon ta the -

-~ LI » P

rest1ng membrane conductance Cin av1an ”ﬂ'amphlblan'f’and"“f‘“‘

wﬁmammallan muscie flbers. Restlng T conductance has been -

"'{reported to be (mS/cm )y ‘0 2. in. frog (Hoagkln & Horow1cz,

S e - e e R e F et LN ar o © e,

"1959) R 7 1n Xenopus (Vaughan, McLarnon & Loo, 1980) 2 1n‘

l -

f'"“ ". SRR e T - ?. ..;» RSN S LTI -2 e

;rat (Palade & Barchl, 1977) and about ] 1n chlcken (Lebeda &

_«--y-d -
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;Albuquerque,' 1975) musc1e5 fxbers.b frog fIbers left‘s

channels appear to be: located maxnly-qn the surface membrane

<(Hodgk1n & Horow1czn“1960 Exsenberg & Gage, 19694 wh1le

least 60% of the restlng conductance to Cl"(GCl) appears to

be located 1n the tubula: membrage §..in mammallan fibe;s'

= -

N'aa.....m.a

'r(Palade'fE_ Barchl 1977‘ Dulhunty, ?97A) An obvrous advan-ug*“
'?tage to hav1ng a large GCI rn the nubular membranes would be

‘that " it" would shunt - the actlon potent1al and thus reddbe

14

voutward'K’ current. This would then reduce the téndencyy for

‘K* to accumulate in the lumen of the transverse tubules. A

casual relat1onsh1p between K* accumulat1on and myotonic
activity has been demonstrated .in goats with‘a'genetic

deficit of G.; (Adrian & Bryant, 1974). As well, an

>

‘abnormally low Gy has.been'postulated to'produce some of

the symptoms of mgotonia' in . humans _ (Bryant & .

'Moraies;Aguilera 1971).

. GCl belng about 7 0 ing frog (Hutter_& Warner "’r967' ?3912)’” -

GCl has been shown to depend markedly on external pH.
The conductance has been observed to increase at alka11ne pH’

and to decrease at acid pH. G cl and pH were related by a

sigmoid curve' Wlth apparent‘sz for the groups controllxng

and 5 5 in mammallan f1bers (Palade & Barchx 'ﬂ9759 Bn frog

f1bers, voltage clamp records Showed that GCl decreased

the ‘flber ;was hyperpolarlied For example, durxngfa hyper-rﬁﬂf?

polariz1ng pulse of 85»mV'from the» ho&dlng .potentlal »hthe

’ ; current decayed w1th ~a-half txme of 90 ms at pﬂgy 4 At

e T I SO
DR T
~— e,

alkallne pH (9 8); the decay was ‘slower:~~1n contrast at

£ . - LEE S PN - '
L) "" LS FE e



pHvs current increased approxlmately exponent1ally through-

_out,?m the-; pulse ' (Warner, " 1972). . “The '1nstantaneous
current voltage relatlonshlp was llnear in the‘ threea pHs':
tested. .However, the steady-state _relat1onsh1p suggested

~that- the current reached a 11m1t1ng value for ~large _hyper-

polar1zat10ns. ‘ACCordlng to Warner (1972). several” featuresa
of GCI are con51stant wlth the supp051tlon that Cl‘u ions
bcomblne wlth a carrier molecule to an extent determlned by

the external pH,

The Cl- conductance in rat (Palade & Barch1, 1977) andu:
in Xenopus (Vaughan et al. 1980) muscle has been shown, to
- have s1m11ar propertles to Gy 1n frog muscle. In Xenopus,
1t has been demonstrated that the voltage dependence of G

. Ccl
s s1m11ar in normally polarxzed and chronlcally depolar1zed

fibersrohls suggested that,Gci is a function of the dif-
ference betveen resting membrane potential and membrane
potent1al durlng a test pulse rather than a funct1on of tge
absolute membrane potentlal The f1nd1ngs in. Xenopus and in
rat fibers, have been explalned by propoS1ng “the “existance
;Qf; aqueous pores for Cl° (Palade & Barch1, 1977; Vaughan ét
;‘f?a_ 7980‘ Loo, McLarnon & Vaughan,.1981) To - explain the
observed deV1at10n of the current voltage relatlonshlp from\

- that predxcted from the constant fleLd equat1on at alkal1ne.

D Q
Le W

prf' blodmﬂng mo;ety has been postulated As the membrane

LN

potentlal becomes mOre negatlve,,thls partlcle’would move~toﬁ}

t

;‘a, 51te that must be occupled by Cl- to permeate (Vaughan etw"

o a?:;‘1980).” &1 1n_XenQpUs? f1bers has been “Shown to- be

- -
- - .. -



“idor51 b1rds (for rev1ew, Hess,,1970-‘Morgan & Proske,;"

'-_3. Ton: Channels 1n Slow Tonic Fxbers

/
, /

blocked by the stllbene der1vat1ve, SITS (Vsugheh__&;MFong;_ |
_.-_19]8) | | | o o -

. 0.‘4

add1t10n ta: tw1tch ftbess, there rs anorher type of

.
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f1ber 1n skeletal ~muscle'” slow ton1c frberse; They occur’

t;either Alntermlngled w1th tw1tch flbers in- amphxblans and

-

mammals or as a pure slow muscle ‘the »anterlor latrss1mus

ate & slowly develop1ng tens1on under repet1t1ve st1mu1at10n '

and give .rise to ma1n§§1ned or tonic. tens1on when cont1n-

huously depolar1zedr w1th K* or chol1nerg1c drugs (Ruffler &'

w'Th1s:‘type- of 'f1ber,~-:) dlff1cult to study eldctrophys1o*‘ '
e

diameters.

'loglcally,beéause, th

Vaughan erl1ams, 1953b Hess & P1lar i} 1963- Page,m 1969)

bers are scarce or have small

\

]

\
\_

Sodium channels

In frog slow~tonic‘-fibers act1vatable Na channels

appear to be absent (Burke & Glnsborg, 1956 Gllly“& Hui,

1980) However follow1ng denervatlon these fibers we%e

'capable of generatlng propagating actlon potent1als whlch

‘ were Na* dependent :and TTX sens1t1ve (M1led1, Stefan1 &

ere~ capable of] generatlng Na —dependenteactron potent1als f

L

‘which are TTX. sens1t1ve (Cullen Harrls,.nMarshallg & Ward,

,__“A

\

‘1984) Slow—tonlc flbers have multlple nerve end1ngs, gener-‘».

;;l;Steinbach, 1921) mln cpntrast to. frog’flbers, av1an f1bers



Chiarandini & Stefani, 1979). ~

1975) The action potentrals were reported to be smaller in

LR

“amplitude and to have a slower rate of rise than the actlon~“'

.'poténtials in thtch. flbers. Mammallan slow-tonic flbers

’

appear to be intermediate ‘between amphibian aqd avian
&

f1bers, as they have _heen - reported~to show~a graded response

' to depolarlzlng pulses. The response was blocked by TTX and

‘dlsappeared in Na‘-free solut}onf(Bond;_& Chlarandrnl, 1879;

]
r

Potassium channels A
zc Deiayed rectifier: The delayed ‘rectifier has been
reported to be present in frog; chicken and rat slow~tonic

fibers (Burke & Ginsborg, 1956; Cullen et al., 1975; Bondi &

N

Chiarandini, 1979; Ch1arand1n1 & Stefanl : 1979) In frog

e

flbers, maxlmum K* conductance was 0, 5 mS/cm2 wh1ch 1s about
ten tlmes smaller than-in' tw;tch flbers. The steady- stateﬁ

conductance versus 'voltage curve was less steep than 1n'

twitch f1bers with an e-fold change in conductance for a

15 mv qepolarlzatlon. Also, the rates of activation were 2-4
8\ .

times sgaller than those of twitch fibers. Whether the

delayed rectifier 1nact1vated durlng maintained depolari-

‘zatlon was uncertaln (Gzlly & Hu1, 1980) TEA blocked the

'delayed rectifier in mammalian and.frog slowFtonic fibers

(Bondi ‘& Chiarandini, 1979;.Gilly & ‘Hui, 1980).

Slow potassium channel : .\go far, this channel has only

‘been demonstrated in frog slow-tonic fibers (Gilly & Hui,

.:1980).

v



: .c:‘a«],cium—~channei' e SR

Resting conductances.

. . Lo T - - o . N . .ot

L ove et

Ca”'channels gbpear to be-present in slow- ton1c flbersh

of the toad (Stefan1 & Uchltel 1976). Studles of K* and -

-".' °
e

""chlcks showed that- the contraetures were partlalky dependent‘

.on external Caz’, suggesting that these flbers -have Ca”

channels (page, 1969 Huerta & Stefani, 1981).

S}bw~toni§ fibers _have been reported to have very low

Pl

resting membrane 'conductanées (mS/cm y¥ 0. 00& in. frog,.,\

L 4

(Stefani '& Stelnbach 1969) 0,17 'in chlcken (Huerta &

R

' Stefan1, 1981) and O 25 in rat (Bond1 & Chlarandlnx, 1979)

be the result of K"Slnce restmng conductance to Cl"was not”;f
.detectable . Current—voltage ‘relatlonshlps have 1nd1cated

'that inward rectifier channels are present: 1n chick and-'

rat‘ (Chiarandini & Stefani, 1979 Huerta & Stefan1, 1981)

P ~. 4

but not in frog (Stefani & Stelnbach 1969° Gllly & Hu1,

1980) slow—tonlc fibers. In rat, it has been reported that

there .is a small restlng conductance to Na s;nce. Na -gree-'

TS

Chlarand1n1, 1%79).

'caffelne contractures 1n the anterlor latlss1musv dors1 g;*

—e

‘The majority of the restlng comdgctance has been reported~ta;-

. solution - hyperpolar1zed the flbers by 10-15 mv (Bqndilg”



‘f'C;‘Ién;Channeis’qn Denetveted'Sﬁeletal Muscle
.Sod1um Channels ' .

Denervatxon .of rat skeletal muscle has heen: reportpd to -
Acause a ‘Shlft of actlvatlon and inactivation parameters of
Na‘ currents by about 10 mV to more negative potentials
(Pappone, ’}980). The rates of ectivation and inactivation
were not measurably affected. Since ?thel resting membrane
potential of denervated rat musole has been reported to be

’more'depolarized than normal (Redfern & Thesleff, 1971ta),

"jthe shafts n- activation -could glead;stoﬁsignéfjcanﬁ'ﬁﬁ‘

‘current at ;est;ng'membrane-§otentia1f This is supported by

. . : . llL.
the observation that the application of TTX increases the
'1“rest1ng membrane potent1al of denervated but:not - 1nnervated

flbers‘ (Harris & Thesleff 1971). The shift in act1vat1on

-may also explain the spontaneous, Na’ *dependent oscil-'

. . *x -, -

latlons in membrane potentlal which cause f1br1llat1on in
deneérvated mammalian muscle (Purves & Sakmann, 1974).

The maxinum Na‘l conductance in denervated rat muscle
has been. shown to be similar to that in innervared mustle
(Pappone,‘ 1980). This is supported by the observation that
saxitoxin (STX) binding capacity was only slightly reduced
'foiIOWing denervet}on ‘(Hansen Bay & Strichaftz, 1980). In
contrést to this, Barchi & Weigele (1979) hane measured a
'43%-décrease in STX binding tn purified sarcnlemma of dener

vated relative to innervated muscle.
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It has been reported that thé'actibn-potential bec&mes
,parfially resistant’td‘TTxvf0110wing'denervation-(Redfern &
Thesleff, 1971b; McArdle et al., 1980). 1In innervatéd
muScle{‘ fo ‘has  been reported to block Na;'chgnnels in a
manner predicted By the binding of toxid to a singie. popﬁ—:
lation. of channels w1th a disSoéiation constant of 5 nM.
Following denervation, a second population of Na“* chgnnels
with a dié;ociation constant in the micromolar range
appeared fPappone, 1980); This second tfpém of channel Qas

respon51hle ﬁog; ?5-3Q%Aof phq;total,Na‘reondﬁtfaﬁcé} Tﬁus;

e e

it appears- that denervation causes, at most, K3 part1a1 léséiﬂ~

of TTX sen51tive Na* -channels. It has- been réported that;-"

, denervated frog (Mlledx et al., 1971) and. chlck (Lebeda{
.Warnzck ‘&» Albuquerque:\1974) mus¢le remain normally se351—djff
tive to TTX. "Thé:efore{ dener{;i:on 1nduced TTx—Lnsen51;t7‘
tivity of Na*'channels 1s.spec1f1c to mammallan muscle.,
'&nterest1ngly, followlnq denervatlon of frog slow- ~tonic
muscle, the fibers, Which do not normally have Na*® channels,
3cquired to Na'-based action potential (Miledi et al.,
1971 . The amplitude and rate of'@ise of the action pofgn—
tial wae emaller than in twitch fibers and reinnervation
~with a slew nerve repressed the action pofentials. Thus,
together with the above results, it appears that the
expression of Na' channels is at least partially influenced

hy inpervatinn
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Restin-membrane';onductanées o

Resxing .ﬁembrane registance has been reported to
increase following denervation of fast- and slow-twitch.
‘muscle ' ‘fibers of rats (Albuguerque & McIsaaé,' 1970;
Westgaard,.19f5) and of chi ns (Lebeda & Albuquerque,
1975)L This éhaqge bas be determined to result from a
decrease in resting Cl1 c~nductance (Lebeda & Albuguerque,
1975; ?6rkOVié & Tomanek, 1977)., Interestingly, the increase

in membrane resistance in rat muecle could bhe reversrd hy

"direct electrical stimnlation of the muscle for ? weeks

¢
beginning on the fifth Aday following denervation ("nre'ocaard,

.

1978). ‘Fnr denervater fray musrle (~-er ' manth), o ange
in IESfi"‘g 1l r2nApne’ nre wzs foun? R #b ra vy . Pt
ds renagc in regti K - - agnoea (1 b A e

n Ton Chanr ' ' e :

Tie v ot

Pt wyp 1 r

A vt Ve Tt ndy o han -~ in e irahilir e Ayring
Aevel 'pren S0 At mee e hae pet bren AL Tor oy polen
Fials h~ e Yaeen v cor et fyr Alaphoaqe moae lg af 1 dny vat
f-yngeer, a' “iAavn Pheiry Send Fa im wae 1 b =10 Aie ! (DG pena
b MIICAT.  1TEn My Aieae 6 riin temiinte fen Ain
rhe s meoee e " b AR Voo e a ' Phet by
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TX-insensitive Na* channels.
A stud§ comparing the action potentials in developlng:;
fast- and slow-twitch fibers showed that at 12 days ‘of age
there were no dlfferences between nthe two fiber typee
(McArdle et al., 1980). The characterlstlcs of the action
potential ini slow tw1tch f1bers attained adult values by
18 days, whlle 50-60 days. were requ1red for the fas;-tw;tch'
fibers. Differences between the two fiber tyies: were
apparent by 25 days. A quantltatlve study suggeeted thaf the
basis for _the dlfferences between the two flber types andl
between immature and adult fibers. was the result "of dif-
ferences in 1ntracellu1a: Na* concenttatlons and max1mal Na*
conductance. Slow-twitch fibers’ were estimated to have
higher  intracellular Na® concentrations (29 mM) - than

fast'twitcn (18 mM) and tc have a lower Na‘® conductance (24‘

N

vers 34 mS/cm?) . Young fibers were estlmated to have very
high“n'ra”ellnlar Na ccncentra*lons (45 mM for fast-twitch
and R mM faor alow twitch). The trend of h1gh to low intra-
cellulay Nn'  c~oncen'rations Auring development . was also

fonaAd ey another mnecle ~f the rat (Atﬁ%od & Kwan 197R)

nod A1 ~rhick mugtle (Rarlow & Maneryy 1954):

The increa&e in mawimom Na- éonﬁhctance.tﬁf{Bé‘develop—
ment probably Leflectea an increase in the denSIty ,6:_ Na '
'hannels.rlSEUdhes 1'! Elhe number ~¢f qTX“blndlng sites pé
Hn1t welght =how&d an increase from 2 to! m21 fmol/mg net
veight from 2 'o "5 days of age (Shermah.& Catterall 1982)

""roprrearance of Vbn eTy blndwng sntes wﬁﬁé“'eﬂ to ocrur 1n
w & »)

gﬁ:‘



- two, phase¥. Bliring+the~first.phase, which was-irdependent.of .

' coﬁtinuing~.igne;vation, the STX receptor density increased

oW . . ‘
to 47-57% of the adult level. After day 11, the second phase

-

of development, which waS‘*dependeﬁE on ébntihuihg’inner—

vation, gave rise to the adult value of STX receptors.

‘Chick muscle

~The development of excitability in chick muscle has

been studied under current clamp (Kano, 1975). At 13 days in

ovo, most of the fibers gave passiQe responses to depolar-

izing. pulses, while a small percentage showed afterhjper‘/

polarization, suggesting the presence of delayed 'rectifiﬂ
cation. At later stages, +the first éign of regenerative
activity was a long duration action potential subseduently
shown to be proauced by an inward 1° current (Fukuda, i974;
1975; Fukuda et al., 1976a, b). By 19 days in ovo, a faster
sbike based on Na“® was pregenf. Ca?* channels were also
inferred to be present from the action of Ba’' on spike dur

atinn Ra?* goes through Ca™ cha”né]; (Hagiwara & Ryerly,

1981) and blocks K' channela. After hnot-hing the (1 ot ian

potential diséppeavw*

-



(E:o.Tfem v Channels ‘in Skeletal ' Muscle During. in witro
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Development

Primary cultures of rat musé¢le

'Developmental changes "in actlon potent1als have "not

been studled in primary cultures of rat muscle. However the
ratio of Na* to K- permeability (P, 4PK) was found to

decrease from 0.4 at 3 days to 0.06 at 9 days of culture

{Ritchie & Fambrough, 1975). This change in PNa/P ratlo was

+

probably responsible for the increase in- rest1ng membrane
potential (-24 to ~51 _mv) occurr1ng over the same time

period. Resting Cl, cqnductance d1d not change w1th txme ‘in

culture and remalned well below adult values.

. A novel Cl- channel has been observed Qitzyiiiglé
channel recording techniqueS'(Blati & Magleby, 1983)% “The
single channel conductance was about 430 pS.- The channel was

—

often open at 0 mV. When open, voltage steps from 0 mV to:

~ L]
either . negative or positive potentials- closed the channel

after about 1 s.‘Retﬁtning the membrane potential to 0 mv

caused the channels to reopen In several trials, it was -

found that closed channels opened when  the potential vas
stepped from, ~60 }o 0 mvV for a few ﬁilliseconds end then
back to -60 mV. Once the channels opened, they closed within
several seconds. If these channels have similar k1net1cs in
intact cells, then they could poss1b1y contr1hute to

repolarization of the action potential.



- Clonal rat:cell lime .- . .---'-__l e -

Differentiation of electrical exc1tab111ty has been
étudied in a clonal eeil line of rat muscle (L6) (Kldokoro,
1973, 1975a, b; Land, Sastre & Podleski, 1973). Myoblasts
were electrically .excitable and produced émall, brief Na*
action potentials. After fusion, the multinucleate myotubes
had oyershooting actien poteetials. The initial spike was
f‘the'result of Na; influx and the plateau of ‘the repolarlzlng
~phase was largely 'the result of Ca’ 1nf1ux. These Na*
channels'may'have differed from channels found in adult
ﬁuscle sinée. higher 'égncentfatione of TTX and STX were
required to block ion fluxes and action potentials
(Kidokoro, 1973; Sesere & Podleski, 1976; Lewrence &
Catterall, 198#) ‘ Current—voltage relat1onsh1ps indicated
) that delayed rectlflcaklon was present in myotubes but not
in myoblasts. The time course of delayed rect1f1cat1on was
thought to be . extremely kslow as the hyperpolarization
followiné the actien potential lasted 4-8 s. The slow
kinetics of the delayed rectification may have contributed
to tﬁe long duration of the action potentials in myotubes
(about 100 msl at half height) (Kidokoro, 1973). Inward
rectification was ﬁresent in myotubes and the festing
conductance to Cl- was low (Kidokoro, 1975b). In summary, in
this cell line, inward currents were expressed before out-

ward currents.
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The excitability propertles -of chlck skeletal muscle .

..‘. .

Pr;magy cultures,qﬁ Cthk;NﬂSﬂle.—‘».;,yie - e --.¥-?:f$§ln'~t‘
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- hane'.been, Shoﬁn,'to, change durlng development in tlssue
=culture. After .2*3' days; 1nward. and delayed rectaﬁ;er:--=

conductances © were present (Spector ;&,'Pr1ves,A 1977) .

'Voltage—dependent Na Ca" and Cl- conductances‘ appeared

later, at days 4-5. (Kano, Shlmada & Ishlkawa, 1972; Kano &:p
-'.§piuada,.1973;:Eu}uda,h1g]4' Fukuda et al,, 1976a), Cl‘”\“
kactign ﬁpotentiale had .extremely ‘long duratlons (tens of
seconds) and %ﬁuld only be elicited if the membrane potenrx
tial -was‘ hyperpolar1zed below -60 mV or. if Cl’lronsvwere‘

1n3ected 1ntracellular1y (FQE:da, 1974 Spector & Prives,

1977).

.The rate of rise of the Na* actibn'potentials increased
: .

from 5 to 30 V/s durlng 4 to 14 days in culture (Kano &

Yamanoto,'197z; Spectoq&& Prlves, 1977), but‘ never- reached

adult values, of - around 112 V/s (Cullen et ai.; 1975).'The

B v

increase in the rate of rise of the action potential .
appeared’ to be the result of an increase in the density of

'Na‘ channels since the blnding capac1ty of .TTX to muscle

cell homogenates 1ncreased during ‘25 to 100 hours in culture
(Frelln,' Lombet, Vigne, Romey & Lazdunskl, 1981) . The
authors did not flnd a change in the affinity for TTX. In
another study, ‘the appearance of STX and BTX (batrachotox1n)
binding sites were 'found to follow dlfferent time courses

(Stfichartz, Bar—Sag1 & Prives, 1983) “These results

suggested that the developmental express;oa_of Na® chapnels

Q.".
-~

4



appeared to have voitage*dependenx gatlng, but the klnetlcs'

S~

 were Very complex.lﬂ Cw oL f e
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t1es of the channel ' ' T e cewl L0 LT

JIn -cultured chick muscle, another novel channel has

‘been -found..with. slngle channel recordlng technlques (Kolb &

T . -

Schwarze, 1984) ThlS ‘channel was cat;on selecthe, but

@ -

1acked select1v1ty for one catlon over another. The 'channel '
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F.  Sufmdry and ObjeCtIYes i A
e, ity G '

‘The- surface membranes of mature- s&eletal muscle flbers"’**

“»

are spec1a11zed “to generate action potent1als and to main-

ta1n an adequate transmembrane potent1a1 Tt is'now-becoming,
i

R R o
R .,*.n o

apparent that these e1ectrophy51ologlcal propertles undergav

changes durlng the course of muscle cell dlfferentlatlon'

(Spitzer, 1979;fHarvey,~1980). For example, the 1on1c depen-

denee of the action potential changes during development.

Observations such as this raise several questions. What is

the exact nature and the time course of the changes in

electrophysiological properties - which occur during masur-

ation of muscle? ark ‘there changes common to other'
developlng cell types, so that some general tules emerge’ By

~what mechanisms do the changes occur? And do these changes

" play any role in the growth and maturation of muscle gells’

fMuscle cells are attractlve for the study of develop-
ment of electrophy51ologlcal propertles of membranes 51nce a

detailed knowledge about the mature fibers 1is available.



"L1nformatlon about membrane felectr1cal propertles can be}:ib*

';obtarnedqfromolntracellular m1cr9elgctrode studles.;o
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.Furthermore,;a great deal of qualltatlve and quant1tat1veff
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Unfortunately, there are technlcal problems wh1ch 11m1t'

the study of electr1ca1 propert1es of develop1ng muscles! At

-:-theoembryonlc stage of 1nterest the cells to be stud1ed are;“

-’ v e -

generally small in size, mak1ng certaln electrophy51olog1cal

"“experlments‘ extremely dlfflcult if net 1mposs1ble, to do.

In add1t1on, the flbers are often quite fragile and"thus

'.ea511y and rrap1dly damaged by m1croelectrode impalement

Consequently, very few studies and v1rtua11y no quantitative

" work: has been dong on developlng skeletal muscle f1bers.f"l

-One approach to. these problems has been.'to preparell

explant or prlmary cultures wh1ch can fac111tate locat1on,

1dent1f1cat10n and exper1mental manlpulatlon of the célls.y

Extremely valuable 1n£ormat1on can be obtalned from study of

development ln vitro; however, care should be .exerc1sed in

genera11z1ng results 'to in vivo development s1nce inner-

'vatzon affects the electrophy51ologlcal propertles of muscle

(for review see, Harris, 1974 "Jolesz & Sreter, 1981). For
example,.1t has been demonstrated that denervation of adult
nuscle leads ‘to several changes:? 1ncreased membrane res1s-{»
tance (Westgaard 1975, Lebeda & Albuquerque, 1975 ~ Lorkvie

& Tomanek, 1977) and the appearance of TTX lnsens1t1ve Na

channels (Pappone, 1980). Clonal cell llnes have also been’
utilized (Kidokoro, 19753, b), lbut they may demonstrate“

abnormal development.

'a.":v »_*'r‘.aog o ‘ 5 et »
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In an effort to. study in vivo development of vertebrate
skeletal ) muscle, ' an enzymatlc d1ssoc1atlon~ procedure
' prev1ously applled to adult rat"muscle (Bekoff & .Betz,
'1977a) was found to be appllcable to embryonﬂc ch1ck muscle.‘

The use of 1solated s1ngIe f1bers'greatiy faC1l1tated mlcro—'”

electrode stud1es. Membrane electrical, properties and

- -

‘restlng conductance to Cl- were studied during embryonic

- .

development.- Prel1m1nary 'feébifé 5bﬁ"£hé~'¢oltagé;]lanai‘
time- dependent 1on1c currents were also eobtained using a
“single -spction p1pette voltage clamp A detalled study of
: theivoltage-:and time-dependent Cl' ‘currents"was done on
muecle' cells? grovn in tissue culture. “TherCl'ucurrents"
'underlieha long.duration'actlon-potential and are' expressed
during the course of normal in vivo development. These

" action-  potentials appear to be 1nvolved in  producing

contractions (Spector & Prives, 1977).
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A. INTRODUCTION

L The electrlcal propertles ( e51stance, capadltance,V'“

4~~
,,,,,,,,,,,,,,

‘time and length donstants) sof’ the membranes _of._skeletal

muscle fibers determ1ne the1r response to electrical stimu-

latlon. In. blrds and amphlblans, slow tonlp angd - fast “twitch
fiber typesﬁ have markedly d1fferent membrane electr1cal
propert1es (Adrlan ‘& Peachey, 1965; Fedde, 1969; Stefani &
Stelnbach 1969 Gordon, Vrbova & Wilcock, 1981). Slow-tonic

f1bers receive mult1ple‘1nnervat1on and do not_ necessarlly

' conduct actlon potent1als (ﬁ‘nsborg, 19603, R1dge,.1971'

Cullen et al 1975 Gllly & Hui, 1980), The' 1n1t1atloﬁ

contractlon in thlS fiber type 1nvolves the local. spread of

a
L)

depolar1zat10n from the neuromuscular Junctlons. Slow ton1c
fibers have: h1gher membrane res1stances and longer time and

length constants than fast-twitch fibers whlch are s1ngly"

'1nnervated and rely on propagated action potentials to

1n1t1ate contractlon (Kuffler & Vaughan W1111ams, 1953a, b)

The, membranes of slow-tonlc and fast-twltchtmuscle

fibers also differ in regard toAresting membrane conductance

to Cl-. Fast flbers have a large resting conductance to Cl'
(Hutter & Noble, 1960; Lebeda ‘& Albuquerque, 1975) whlle
slow fibers do pot (Stefani & Steinbach, 1969 Huerta & '
Stefani, 1981). An abnormally low Cl- conductance has been

found to be partly responsible for the symptoms of myotonia

> L
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(étyant‘&'Metales-hguileta-'1§7T7'Adtién' & Bryant 1974) .
fhis fxnd1ng supports the 1dea that the resting Cl cenduc-
tance ;s.1mpo:tant for the stab111ty of the membrane poten-
tiali.espec1ally durlng repetltlve act1v1ty (Huttqi\i‘Noble,
’1960' Rudel & Senges, 1972)/w\ B ‘
- When ‘dg™ these dlstlﬁsglvelpropert1es of ‘fast-twiteh andfﬁ

'slow-tonic muscle flbers ar1s9/durlng development? 1 have

studied the anterior (a_l a.) and the poster1or (p.1.d.)

-
P -

Vlat1551mus ddr51 muscles of the Cthk A. l d. s a multiply
1nnervated,'slqy-ton1c musctle and p.l.d. is a focally innet—
yated, fast;twitch muscle (Ginsborg, 1960b). One week prior
to/-hatchinéi ‘the embryonic flbers of ‘both muscles had high ..
membrane resistances (Rw), long time (7,) and length (X)
cehstants ahd ne bdetectable‘ resting conductance to C1°
~(G .). By the time of hatchlng, dlfferences between .a.)l.d.

'and rp 1. d flbers became clear as a result of decreases 1n'

the magnitude of the electrlcal_constants A

Tm,
the appearance of a substantial GCl in p.l.df\?ybers.
B. METHODS

Preparation

Latissimus'dorsi muscles were dissected from white
Leghbrn‘chick embBryos and ydung chicks {Figure 1) (Ginsborg;
19608).ﬁThe age of the embryo was determined from the numhev

of. days: of incubdtion -:and the date of hatching (21 days)

determined the post—hatched age. Single muscle fibers were

A) and. .
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Figure 1. Diagram of a.l.d. and p.l.d. muscles. Dorsal view

of ﬁhe, right latissimus dorsi muscle of the chick. ALD -

anterior latissimus dorsi; PLD - posterior latissimus dorsi;

PLDT =" -tendon of the p.l.d. muscles M - midline; H -
humerus; S - scapula; BP - brachial plexus. ‘Adapted from

(]

Ginsborg (1960b).
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1solated‘us1ng an . enzymatic and mechanical dissociation

-

procedure (Bekoff & -Betz, 1977a). Loose connective tissue

was removed with f1ne forceps under a binocular dissecting

m1croscope. Muscles were placed in Ca? ‘—freelEagle's minimum’

esseutial medium (MEﬁ;'Gibco, Celgary; AB) containing b;3%
coliageﬁase. (Sigma ;Chemical Co., rType I, St. Louis; MOj.
Muscies'were incubated at 374 C in a water-saturated 5% CO:;
atﬁosb@ere ‘until the fibers began tO'dissociate (abprexi=
metely 1*heur'for 14 day embryon}c muscles and 2-3 hours for
older muscles).' After incubétion; muscles were rinsed in
Eagle's MEM 'containiug 10% horse serum (Flow ‘ Labs,
Inglewood, CA)Iwand 5% chick embryo extract (CEE) . CEE'wae

made by pressing 11 day embryos through a 10 ml syr1ngg An

equal volume'“df Earle's Balanced Salt Solutlon (BSS) was- -

" added. The K composition of Earle's BSS is. (gm/1): CaCl,, 0.2;

KCl, 0.4 NaCl, 0.2; NaHCO,, 2.2; MgSO., 0.2; NaH,PO., 0.14;
D-glucose; 1.0. The mixture wes allowed to stand for 1 hour
at room temperature. It was then centr1fuged at 20,000 g for
10 minutes and the supernatant. was. removed and filtered
(0.8 um). 5 ml .aliquots were «stored frozen until use.
Following the tinsing step,” muscles were mechanically dis-

sociated to release single muscle fibers. This was

-accomplished either by agitation with a jet of solutigh from

a Pasteur pipette or by trituration with a fire-polished

pipette. The mechanical dissociation step haq!_to be Adone
;] -

very “gently to aveid %maqvnq tho fibrrg. Tsolated fibers

were p]qud in complates madioe ~d lveyt Pin 15 i b ieen



culture dishes (Corn1ng) in an 1ncubator. Flbers were used

the day they were 1solated

Experimental set-up " 4h- o J.; S ;tﬁvaK’ﬁﬂ“
:v/fv»Isolated ‘fibers ‘were v1sual1zed mzth phase contrast:
optics on an - inverting m1croscope (Olympus) . Fiber.
dimenSions and 1nterelectrode dlstanCeE were measured.wlth aj;
callirated eyep1ece m1crometer.n Solutions- were made“ﬂw1th;
glass distilled water and,saturated wirh 95% 02/5% COz. The
external sblutlon,hcontalned (mM) NaCl, '137;;,KC1y M5.4'~'
CaCly, t.8; MgCl,, 0.8; dextrose,‘ 10; HEPES (%-2-hydroxy-
ethyl-1—piperazineethanesulfonicAlacid); 10. - For ° C;‘—free
solutions, NaCl was replaced with Nalli,S0. and KC1 with
KCH;S0, (Pfaltz & Bauer, Shaﬁferd; CT) (Hutter 4&:‘Nobl?.
1960) and MgCl, with MéSO., thereby replacing 98% of the -
Cl . The pH was adjusted to 7.4. Experiments were done ‘at.’
room temperature. | | |
Conventional techniques for intracellular recotding and
stimnlation were ué;d.’ Eleetrodes wefe conVentiohel.glass
microelectrodes filieg thh 3>M~;KC1 (20-60 Mn). Membrane
potentials were reeerded using WP Instrument electrometers
(fhdels 350 and M4fA), The current passing. electrode coﬁld .
be used to record Goltage responses simultaneously. The
resulting voltage drop acrose the ele~trode tip resistance
wa® cancelled by balancing the actjve bridge circuit before

- -

impalement. Current was measured by a current-voltage con-

verter nrlared in series with the bath ground. Signals wer
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Adisplayéd.:bn a digital oscilldscope (Nicolet Instruments,’

-.ngies 2090{ Madison, WI) and étofed‘on magnetic diskettes.

\

Leakage’ current from the electrometers was checked fre-

‘quently and]adjusted to as "small a value ar possible.

‘ Digital. voltmeters provided constan+ readout -f membrane

A2 . . ,
potential. Current pulse duration and mragnitude were ~on-

"trolled with a digital pulne qgeverat - (MR T ipment = Moy

Haven, CT).

Natp collection and -~nalyejg "

For estimation nf pascigf cable rproperties, hyper-

polarizing rectangular current pulses were injected intra

cellularly. The man~itude of the current pnlse was adjusted

to‘léiYe',no more tha~™a 15 mV response. Tnpﬁr resistances
(R,,) and membrane time ~ronstants (r.) were measured at the
site ~f current injectior by the ‘urrent-pascing elertrnde,
Membrane langth ronstantg (\) were Ae’'ermined #y inserting »

voltage-sensina elertr'nde 100 700 pm away (Aigtance limite3d

by field of view) frrew 'he cyrren' pasriny electrnde.
Additional impa]ﬁmél\fq o recording vealtnge regpoaneeg at

varying distancec from the ~urren' paseing ~lert:'nde were

neot feasible berapee of the ifficnlty in apbtnining

multip19, stable impm‘nmpnrg in the embryoni- fibers, Since

the current panging electrode was gimultanenvely reccrding

'-'OltaQ°, fare wooo "»’v’"Pl)“ t o m‘ihimizc Ny crrere from i“'['Or‘"
. . :yv-

)—,-idqn ba]avr-'r iy Con(‘nvr’ 'hrrlv Sl -i'nal [‘;"V ”S,, -t

e : A . ' ;;Y- foe . n. ! R Yooy
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Relatively - low res1stance electrodes were used* and currént

pulses were as small as p0551b1e, Comparlson of . Ryu values

LR LY -8

in Table 2 (voltage-measured with' a separate electrode) w1th

values in _Table 3 As1ngle mlcroelectrode)C.Showﬂno‘Sig-

nificant differences (P < 0,1), '

'

N o

Pa551ve cable bfcperties were calculated from “the’

-equatlons for infinite cables with current 1n]ected in the

/-

middle of flger 1engtn§(We1dmann 1952;=Stefan1 &,Steinbaph,

.o,

1969). For ' alk reported data, the distance frém. 'Ehefj

current—passing electrode to-the end of the fiber; divided
by the 1ength constant was greater than 2, ]ust1fy1ng
of the infinite cable equatlons (Stefanl & Stelnbach 1969;

Jack, Noble & Psien, 1975). The-.length constant (\) -

calcu]ated from Vv,/vys = exp(—k/k) Vo is the steady—state'

dev1at1on of 1ntracellular potential from restxng potent1al-

¢

reoorded at the s1te of current 1nject10n. V. -‘is the.

steady state deéviation recnrded at 3 dlstance, x,“ froh_ithe

current passing elecrrode Membrane re51stance (R ) vas cal*{

~1lated from the frllrowing equar1qnq- R., = o/I =, r.k/2‘

Tm © viM': Ry ® owdri. v, and r, are 1ntracellular re51stance'7

4

ard memhrane 'es1éf=nce per unit lenqth of . flber respec-'

< . ’

Fively. A4 is fiher dlamefer. Intracelltlar r951st1v1ty (R D

LY

wae calenlated hy R, &'r.wd’/4 Membrang. capacutan¢e~ (Cm)

eqarale 1,./P.. 1. wae faken as 84% of %he rlme needed for' the“

~lrnge to reach wte steady state value,

[y

" valves reported in " the text are from Student"s t -

I I AT R ver: v 'l An menve ¢ N



39

C. RESULTS

Isdlafeﬂ,fibers

Enzymatic diasociation.prOCéduras‘ have «been 'used to
isolate single fibers f%om adult skeletal (Bekoff & Betz,,j
“1977a) and smooth muacle (S1nger & Walsh 1980) No.'efﬁects
vof' enzyme treatment - on restlng membrane conductamces vere
nofpd by Betz and Sakmann (1973) and‘only a sllght decrease
in restlng membrane - potential was observed by Bekoff and
‘Betz (19773)

Srngle- muscle ‘fibers were isolated from latissimﬁa
dotsi -muscles of embryonic and young'chicks:'Visual 'inspec*
tion of tme dissociated muscles at a magnifiCatiOn of 200x
revealed dozens of 51ngle muscle fibers_that appeared 1ntact'
aa well as flbers that had obviously been damaged Damaged
fibers had 'cytoplasmic blebs' and segments of ” them had
undergoné irreversible: contrarture. ‘Many of the intact
fivers settled te the bbttom nf the dieb and adhered lightly
t~ the subhstrate, They appeav?d cylindriecal jin ehape anAd the
banded pattern of sarcomeres was visible ~n fikerse from
?1 Aay embryos and n1dé; (Plate 1), Tenjated fibers remained
relaved in afandard external €alutinn. Diam;foré of the

igolatod fibers were measured nptically (see Ta''~ "): 'he

“aluee ,-.Amparpﬂ well vyl Aiamalnie e averpp e 30!
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Plate 1. Light microscope photographs of single muscle

fibers isolated from 18 A) and 21 B) embryonic, posterior

latissimus dorsi muscles of the chick. Calibration bar

vepresents 20 um.
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histolégical sections'(Gordon, Purves &7Vrbové?l1977),

Action potentials ,qoﬁld be elicited by intracellular
l-cﬁrrént,injection and were often accompanied by visible
ﬁbbﬁﬁractions (Figure 2). At any one age, the amplitude, rate
of rise and duration of spikes were duite variable - from
fiber to fiber. This Qar?ébility probably arose becauﬁé
developmental changes in the action.pdtentiai were occurring
and the . fibers were not developing synchrohously (Kano,
1975).

’Fibers that attached to the éubstrate along most of
their length could be mgﬁﬁtained in tissue culture fér - at
least one week. During thati time, the morphoiogy of the
fibers changed. The fibers sent out branches and began to
resemble muscle‘fibcrs that have developed from myocytes in
vitrb. The cultured fibers exhibifed spontaneous = con-
tractions and some began to fibrillate after .several days in
culture. Bekoff and Betz (1977b) reported similar changes
for isolated adult rat fibers which had been maintained
under tissue culture conditions.

This particular dissociation procedure was sﬁitable for
both a.l.d. and p.l.d. muscles dissected from embryos. It
was not possiblé to -isolated viable a.l.d. fibers from
chicks older than several days primarily because of ex-
tensive amounts of connective tissue. The procedure worked
well for p;l.d. muscles up to two weeks after hatching.
Aftér that age, enzymatic digestion of the extracellular

materinl was fairly romplete but the fibers were ton long to

e
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Figure 2. Action potentials elicited by current injection
from a 21 day pll.d. fiber. Resting potentials- were -58 (A)
and -65 mV (B). Potential at the top of the plateau (B) was

-18 mV. Fibers were bathed in normal external solution.
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subcessfuTIf”extricate'from bhe net‘obk of blood vessels.)
o To assess the cond1t1on of the 1solated flbers,_values
for. restlng membrane potent1al (Vm), .1npUt re51stance‘ (Rin)
and membrane t1me constanb (T ) were obta1ned and compared“
£0a0alues,obta1ned from flbers”‘in 1ntact' muscles. Action
"potentials nere not used as a basis of compar1son because of
.Ehe-va;iabiliby amongst.f;bers.(cf Kano;; 1975). Comparison
'of the values 'from isolated"and *intact‘ fibers (Table 1)
showed that'tne dlssoc1at10n procedure did not have a signi-
flcant effect on these propertles‘

LY
Tn

DE
Chlorxde conductance‘durxng development

Restlng membrane tonductance to Cl' (GCI) was estimated
_by measurlng R;, and 7, values of ‘'single :fibers iin normal'
external solution and in ;a_ solution .in which_'ci"was
replaced by an 1mpermeant 1on (methylsulphate) (Table 2’. No
51gn1f1cant.d1fferences between the two solutlons were found
for either p.l.d. or a.l.d. muscles at 14 days or for a.l.d.
at 21 days kP > 0.2), indicating 11ttle or .no part1c1pat10n
of Ci‘ain the resting membrane conductance. For 21 day
p.1.d., R;, and 7, were 'much higher in the Cl -free
solution, indiCating a substantial restiné condudtance’ to
Cl"e The contribution of G-y to the total resting membrane
conductance (G,) was estimated assuming that membrane f
capacitance - (Cn) remained unchanged. Since 7, is.propor"

tional to the inverse of G, and since G, is the sum of the

conductances to Cl and the remaining ions



Table i. Electrical properties’of intact and isolated a.l.d. and p. i .d.-
?fbers Recordlﬁ;s were made from fibers in lntact muscles and from
|solated fibers. sMuscles were from 21 day embryos A snngle mucro-

_ electrode was used to simultaneously lnject current pulses’ and record
voltage responses. All recordings were made ‘in nornial external solutaon.

" The number in parentheS|s goves the number of fibers,

£ 0.1> P> 0.05 all other P > 0.2 .

: Muscle Condition ‘f ~ Vm (mV) Rin (M) B Th (msec)
| | - | B
p.l.d. Intact (23) - -64.2 + 6.8 19.7 ¢ 6.3 .18.3 £ 6.7
©_¥ysolated (36) -59.5  7.2% 20.2 £ 9.2 15.7% 5.5
aldn - intact (37) 627 6.5 . k742 30.9 1.0

© Isolated (24) ”fi~61.8vt”559,‘ 15.5 % 5.5 :-33.7 & 20.6

3 !
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A . o /. .
Table 2 Restlng chlornde conductance of 14 and 21 day a. l .d. and p 1.d.

-

flbers. Recordlngs were made from isolated fnbers wuth one electrode to
inject current and-another-e[ectrqde inserted néarby to record vthage,
responses Fibere were equilibrated for 'min to 1 hr in a‘sdlution
with 98% of C1_ replaced with CH3S0, . Fubers were then returned to:
normal solutuon and examlned The number in parenthesns is the number

of flbers examined. !

Muscle Age (Days)~ Solution _ _Riﬁ (MQ) . rm‘(msec)

p.1.4. TR Normal (20) thZi 22,0 30.2 +13.2

1k C17 free (22) © 40.2 % 18.4  28.9 £ 12.1

21 ' vNormal (31) 18.3 + 10.4 154+ 5.9

21 €17 free (25)  41.5:11.6  53.9: 7.8

a.l.d. 14 ~ Normal (20) 25.9 £ 9.2 . "33.7 £ 15.2
14 C17 free (21) . 22.2 &+ 7.4 28.9 £ 11.9-

21 Normal (25) '15;0 + h.7 . 36.0 t‘fj.O

21 . Cl free (24) 15.5 + 4.8 38.4 ¢ :8.h



not until® the lé@t'“yeek of~-embryom16“ lf%e

" values ‘were 75 + 45 MQ in norma

- 1 ) . ' '
N B . .
o, M S a ’ . . . ¥4
on Ve gem . . . . L .
. , ! .

(Gm =,'GC1 3+'=93;;;o (Eigenberg_&.Gage,71969), it was cal- ‘

culated. tha tu.. constituted about 70% of the‘total restlng.
e SR _ v
membrane ws-in 21 day p.l.d. fibers.:»’us, it was

. ‘-a 'T-

."'

&

type specific property was‘iipressed p.l. d fxbe;s“

.Myotubes were grown in tissue ,culture (see' Methods,

‘Chapter III) ‘from myocytes obtalgsg from 15 day a. . d

p.l.d. muscles. Restlng Goy; was. determ1ned in cultureS'

¢ L .
5-10 -days -old. Figure 3 shows the results from a myotube

:where R 1ncreased from 56 to 80 MQ when the solutlon'iwas

M

‘changed to Cl‘—free. This was the latgest increase observed

fn general, ’R;n values only anreased 5—20% when the

f{A}br[p;l.d. cultures,,R,;

90 + 49 M2 (% £ S.D.;

solution - was thanged

-'h4 = "11) 3n'3C1“—free solutionu<~50r,a.lud. culturég:fgjlh'.

valueéfwefe 60 tHZS;MQ iﬁ_normal end 66': 22 MQ (& + S.D.;

n = 11) in,le—free'solutiohs, Rin yafﬁéssehowed consider-

Iable”'variability and were not;[signifioantly' different
Abetween normal. and Cl -free solutions for eitherjculture

(p> 0'2).AThus, fiber type differentiatﬁon with respect to

this property did not occur in culture.

Passive cable propert1es durxng development

Values For cable propertles were obtalnéd by analysxng
voltage responses to injected current pulses.- Voltage was
tecotded at two separate sites (Figure 4) and only1OCoasfod-':

ally could two stable impalements be made simultaneoﬁsly:p

thl S ‘



'Figure 3. Resting chlb:ide conductance of cultured p.l.d.
muscle. Myocytes ‘were obtained from 15 day p.l.d. muscles
and grown in tissue culture for 5 "days. A single miero-
electrode was used to inject rectangular current pqlseé ;ﬁd
"QP record_ voltage- resbonsés (YA. Responses ;érg first
‘recorded in normal (149 mM Cl-) ana then in Cl " -free (3 mM
,Ci’) gslgtion while continuously recordiné from the same
myéque. Cl- was replacéd with an impermeant ;on, methyl-
gélphate; Current-voltage plotsvof‘the data. (B) gave an
input resistance of 56 MQ in‘néfﬁélwéplutiOn (circles) and

of 80 M2 in Cl1  free solution (dquares).
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.Figure 4.

Passive electrical responses of isolated a.l.4d.
nd p.l.d. fibers. Voltage responses were recorded from 21
vy p.1.d. (A) and a.1.d (R) in permal external selutian, I

i$ applied

length, V.

current pulse injected ‘n the middle of the fiber

is the veoltage response 'ecorded by the rurrent

injection elertrode. ", ic the voltage resr nse ~ ~:rd ' hy
a second electrade 460 (A) and 620 nm R) ' Yo
vrooat ferbdoe - v ode,
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The measured and calculated values are preséntedwi; Table 3.
At the earliest stabe studiedp 14 days' ipcuﬁétion, tbe time
and leﬁgfh constants for a.l.d; and p.lad. fiberé were long
and the means for the two muscles differed only slightly
(P < 0.2). R, values .were fairly high (20 k@cm?) and the
means for the two muscies were not differen§ (P> 0.1). Crm
values (1-2 uF/cm?) were in lineiwith what. would be‘egpebfed
for ;mall diameter fibers (Hodgkin & Nékajimaf']QZZ). As
development of p.1.d. proceeded, the values of Rn, 7, énd‘ A
decreased, seo thgt_,by the‘ tiﬁé of hatching, d;fferences
between a,l.d. aﬁd.p.l.d. were apparent (P < 0.001)., For
2.1.4. fibers, R, did not differ at the two ages studied

(P > 0.1). For p.1.d., R. decreased further after haéch{ng.

A.l.4. fibe%f %wefe not followed affer hatching because the

fibers ~~uld not be isnlated. The values of V, reported here.

closely agree with ''~ 7ata nf Renpett and Pettféréw (1974)

33 Vang @97‘;).
3, e o
E ¢
™ DISEUSSION
?'_.
Before thetr mechaniems gnverning differentiation of

mugcle? fibere into varicous filer types can Y~ understond, it

g) N 4 v . .
is important to know vwhen type-specific properties are

3

expressed during déGnIAPWDnt. Knowledge of the timetable of . .

develormental ~hanges may help t~ elucidate causal relation- -

shire. 'n t+the present <«tudy of developing fast-twitch

(r.7 4. and glow toni (s 1.4 ) muscles of the chidk, a

. .
PRI e BERIEETR RV Yo~ Y ] sty mbome gk HICRY ‘b’
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presumpnge fast-twitch muscle at an early stage of develop-
ment (Table 2). By the time of hatchlng, the percentage'jof
the rotal membrane conductance due to Ci' had're;ched adult
]evelq ' Exprassion of this property, whlch is characterlstlc
of adult p.1.4, f1bers (Lebeda & Albuquerque 1975; Hqgrta &.
Sfefani, 198 1), followed the formation og fuﬁctional.
end-plates (Gordon,- Perry, Tuffery & Vrbqvé, 1974f'5tsumi,
'977). Tn contrast, G, in devélopingp;é}lfd. 'muséles “was
néq1'ble at boﬁh aqés étudied (Tabielés; These-fesults.fit
well with thoee of Huéffa‘aﬂd Stefahi (1981) . They'  found

that =t three weeks of ége, about 70% of the restlng condnc—v

tance cf P13 fibers was due to Cl',»whlle .a.l.d. f1b¢rs\

: H
Gr]‘ An increase in the magnltude

A3 have A measgurable
of G ., Ay ing post=natal development of mammallan fast
m@-c]p, byt no &hanqn for 53 slow mnsclﬁ; has heen teportedi
' P arnihach ) Brown ¥né Barehi (197R)
The" g rrsﬁlrﬂ raise the pessibility that innervation is
'°qpivrv1 for Co) expresaion ar.ld/'or malntenance of CCl The
by TRt Tan "¢y fteo the total resting membrane conduc-
tane e cae feupd t be Jew (5-20%) for chick muscle célls
ar W ‘n o tigcne  cnlture. 'This' Appears to bhe a general

finding ne & 4 ha heen found tn be low in aneural cultures

~f ror {rit-ohie & Fambhrough, 1978), of rat cell line

(VFidewy o 4CTCLY and ~' homan (Meri~kel, Gray, <hauvin &
Appe ] PR akel-ral) puecrle  Algo, the slight increase in -
membr are ‘sigtani e fallawing dencrvatijon  (Albuguergue &

Themt i 1000, Ur.-‘qo—y-\:n(j' 1978) has been atf('ibuté'd te a



débréése. in‘.GCi (Camerino g 'Bryaﬁt;_ﬂ1§7é¥ It would be
useful. to understand the faétors éonﬁfblling expre551on »pf
GCl \fs its magnltude is abnormally Tow in myotonlc musclé
(Bryant & Morales-Aguilera, 1971) and in dystrophnr mouse
muscle (Farnbach et al., 1978).

The lack of clear differences in resting G-, between

muscle cell cultures derived'from a.l:d. or p.l.d. mﬁstléé

I

<

suggests that flber type dlfferentlatlon does not 'occuf in:

culture. This cont1u51on has al:o .been reached from studles

of metabolic eniymes, which show type*specific levels of
artivity; in chick and "rat cultures, (Askanas, Hee &
Milhbfat, 1972; Askanas, Shafiq & Milharat, 1972; Askanas &
Hee, . 1973). However, slight differences in favor of

expressiOﬁ of fiber type 1in culture have been ~btained

(Nougués & Barou, 1877: Bacou & Nougués 19R0). Tn qeneral

thouab, it appear= that the ingtrurtional 1ignal (=) A1 pe

ting fiber tyvpe differentiati-n ig(an) Tacking it he
. R . e’

tin=ne cnlture environment. N

The ahsolute values ~btainad for the cabhle properties
of developing slow-tonic (a.1.4.) and fast -twitech (p.1.4.)
fibere (Table ) were higher than previously ropnrted for

fihers in intact moee~le (Gardon ct ,’-77,, 1977) . Sinre t he

inpnt resistancee and the regting membrane prtentjale were

also m b higher, the highn' valvee probably raflect more
ctable impalements Alseo, the moetrhnd nged tn ac! imate the
Ffardle proapertiee wng more Airect *hnn that med hy CnrAnn ot

Al U R T N They -~ nlenYatred rhe Co e s Gram fiher inpnt
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re51stances and a. mean\value of fiber dlameter obtalned from
h1stologlcal sectlons. |

One week ﬁrior 'to‘ hatchlng, 'future“ slow-tonic and
fast- tw1tch f1bers had relatlvely high membrane re51stances,
long time and length constants (Table 3) and no detectable
resting. Cl- conductance (Table 2). Thus, the ‘properties Uof’
the embryonic aibers of both muscles resembled mofgiclosely
the properties Qf adult slow-tonic rather than adult
fast-twitch (Fedde, 1969; Gordon et al., 1981). By the'qsge
of hatching (21 days), Rm_,,‘rm and A.of p.l.d. fibers héd

-

decreased" so that the cable propertles of the a.l.d, and
p.l.d. fibers wéreﬂCleérly d15t1ngu1shable._ In both fiber
types, R, would be expected to decrease Cm to incréasé
as.the fibers groﬁ'in diameter simply becgUse the ratio * of
transverse tubular to sur{ace‘ membrane is increasing (cf
Hodgkin & Nakajima, 1972). For the developing p.l.d. fibers,
however, éhe decfeaseé in the' electrical constangs vere

mostly attributable teo the appearance of a .substantial

resting conductance to Cl during the last week of embryonic

Aonl apmant



I1I. VOLTAGE- AND. TIME-DEPENDENT CHLORIDE CURREﬂTS'IN,

EMBRYONIC CHICK SKELETAL MUSCLE

"'A.. INTRODUCTION . /

e

P

Membrane chquide conducgéﬁéeé have been .fqund in a’
wide variety 6£ cell tyﬁgé ‘;nd in a"v%;iety of species,
ranging from E. coli and élgaé to ‘hiéherA -organisms.
Utilizing current clamp techniques,_ Cl -dependent action
potentials have been observed in certain plant'éells (Gaffey
Mullins, 1958; Mullins, 1962), in electroplax membranes of
some fishes (Bennett, 1961; Hille, Bennett & Grundfest,
1965) 4 and in frog eggs (Ito, 1972). With voltage clamp.
techﬁ;%ues, Cl® currents responsible for repolarizing a
Na‘-based action potential have been described in frog eggs
(Schlichter, 1983). 1In Aplysia neurones, Cl- currents acti-
vated by hyperpolafizdtioncv have been observed
(Chenoy-Marchais, 1982). Voltage- and time-dependent Cl-
currents have also been described in frog (Hutter & Warner,
1972; Warner, 1972) and in Xenopus (Vaughan et al., 1980;
Loo et al., 1981) skeletal muscle. With single channel
recording techniques, Blatz and Magleby (1983) described a
voltagé~dependent Cl~ channel with a single channel conduc

Fance of 430 pS in cultured rat muscle. The properties of
some Cl -selective channels have been studied.by incor-
porétinq the channels into planar phosphoiipid bilayers. C1°

channels with single channel conductances of 16 and 55 p¢

have bheen feund in electroplax membranes of Torpede (marine

56
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ray) (White & Miller, 1979, 1881; Hanke & Miller, 1983) aﬁd'
in heart sarcolemmé of¥calves (Cdronado &§'Lato:re;‘ 1982),
respectively. A .volfage-dependeﬁt anioﬁ¥selédtive'ch$nneln
(VDAC) from mitochondrial_ outer ﬁembrane vwitﬁ_ a single
éhannei coﬁductance of " about 560 'ps .has'beeﬁ-describéd
(Schein, Colombini & Finkelstein, 1976; Colombini, 1979;
Doring & ‘Célombini, 1984) . Further, ion tracer techniques
.have been utilizedi&to.'study a ci- transport system in-
peripheral biood lfmphocytes activated by increasés‘%gicéll
volume (Sa:kadi, Mach & Rothstein, 1984) and to study é? Cl-
permeability system in réd blood cells which-is mediated by
Eéﬁd 3 protein (Cabantchik, Knauf & Rothstein, 1978).

‘ ~Voltage—dépendént anion conductance systems have nbt”
been as exteﬁsively studied as cation conductance systems.
In this chapter;{fg;4. qeséribe the bropefties 6f a
timewvariaﬁt, voltageidé;éndént Cl; conauctance found in
embryonic chick skei;tal muséle. The cbnductance underlies a
long duration‘action potential (Fukuda, 1974; Fukuda et al.,
1976a) . The action potential can be elicited from the muscle
fibers during 'the 1as£ week of embryonic deveiopment (Kano,
1975) .

Preliminary voltage clahp studies have been done using
tissue cultured muscle (Fukuda, 1975; Fukuda et al., 197eb).
In the present study, the surface membrane of small diﬁmeter
myoballs was voltage-clamped with a Single suction pipett?

(Hamill et al., 1981). The data showed that the Cl- currents

activated slowly in response to depolarizing voltage steps
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“and - did not 'inacﬁivaté dufiﬁg maintained depdlarizétion.
Up¢h :epoLarizagibn to ﬁﬁggative holdiﬁg» ﬁoténtials; the  '
'_currents recoveredJwextreméi§” élowly from activafion. Cl-
vcurréhfs were blbékéd B§'~stiibéne derivatives which ‘are
known :t§ block 6ther Cl‘ condﬁctances (Knauf & Rothstein,
19713 Vadghan & Fong, 1978);H The Cl- curfen;s vere also
found in muscle cells fhaf,had.deVeloped in vivo, showing
that this Cl- conductance is indeed expressed dﬁring the

coursé-©f normal development. -
B. METHODS .

. Preparation of myoballs
: ‘ : !
Small diameter (10-20 um) .myoballs (spherical muscle
cells) were grown in tissue- culture. Under sterile con-

ditions, pectoral muyscles were removed from 11 day “white

Leghorn chick émbryos. and placed in Earle's balanced salt

solution (BSS). The muscle was minced inEO' small .f:égments
(1 mm) and then triturated with a fire—polishea Paétéﬁr
pipette to release single cells. The solution wés left to
stand fqr: 5-10 minﬁtes to allow debrié to settle. The top
layer was removed and.filte:ed through lens paper. The cells
were gently centrifuged inla clinical centrifuge and resus-
pended in BSS. This was repeated three times, and after the
last centrifugation the cells were resuspended in complete
media. Complefe media consisted of: Eagle's minimu&

{
essential media (MEM) , 10% hbrse serum - (Flow Labs,



' Inglewood, _CA), 5% chick . emBryo ektract '(see -Methqdé;!
Chapter 1I1), penicillin. (100 ﬁﬁ/ml) _hand‘ gentam;cin
(200 .ug/ml) Cell, density was determlned wlth a hemb?
cytometer. Cells were plated at 0.8 x 10°® cells/ml in 35 - mm
Corning tissue culture dlshes. Plates were plaaad in a
water- saturated 95% 0./5% CO; atmosphere and malntalned at'
37 C. On day two of culture,'the media was changed to one
‘éontaining 10°% M colqhicinev(sigma, Type II, St. 'Louis,
MO) . Colchicine 'encouraged the muscle_ cells .to'ffdrm
spheritallmybballs (Plate 2), but dld not appear to have any'

detriméntah@&éffects on membrane 'or‘ cellular propert1esjﬁ,
(fukuda et al., 1976a). Media was chahged every three‘days.

| Mypballs were also obtained from muscle fibers. that had
developed in vivo. Isolated f1bqﬁs vere dlssoc1ated from
1ntercosta@ muscles of 14f21 day embryos accordind to the
procedure outlined in Chapter II (Methods). These muscles.
were used because the fibera are only aeveral millimeters in
length. Isolated fibers oftén‘broke,into small -lengths with
more rigorous trituration. Fragmented fibers ofteh'aealed_
and after several hours of.incubation spontaneously formed‘

myoballs of various diameters (20-70 um).

Experimental set-up

Membrane currents were retarded ;under voltage clamp
with the whole cell recordlng technique of Hamlll et al
(1981). Brleﬁly, suction was applied to a w1de tipped micro-

pipette to establlsh a tight seal, in the giga- ohm range,
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Plate 2. Light microscope photograph of a myoball-érown in
‘the presence of 10°® M colchicine. Myocytes were obtained

from pecto;al muscles of 11 day chick embryos. Calibration-

bar represents 20 um.
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between pipette'tip‘and cell membrane; The | membrane patch
spann1ng the p1pette t1p was d1srupted by add1t10nal suct1on
so that the suct1on plpette became an 1ntracellular elec-
'trode (Figure 5) Th1s procedure prov1ded a low resxstancei
'pathWay to the 1ntracellular space. ' -
4Fabr'lcation of suction pipettes: Suc-tion pipettes
were pulled according to the methods of Hamill &t al (1984)}
from microstar capillary tub1ng w1th an O.D. of 1 imm
(Radnoti Glass Technology, Inc., Monrovia, CA). _P1pette£H
were .pulled ln two stages on .a vertical Narlshlge m1crp-ﬁ
electrode puller fitted with a four turn coil of nichrome
wire (1. mm diameter). In the flrst,pre-pull; the capillary
tubing was thinned over a 8—10'.mm',length ‘to"af minimum
diameter of about 200 wum. The tubing was then recentered
w1th respect to the heating coil and in the Second pull thed
thinned part broke to produce two plpettes. ThlS two stage.
pull produced p1pettes wlth ‘short -.shanks and t1ps w1th steep n
iapers. No magnetlc pull was’ employed The heat settlng wasg

critical (11-171, 5 A) ‘as slight var1at1on 'produced large

variations in pipette resistance. 1In later experlments,

plpettes were heat pol1shed This was observed at a magnlfl-‘<7ﬁ

catlonl'of 200x with an- inverting m1croscope. T1psﬂvere}h'
brought to w1th1n 20-30 um of a 25 um Pt wire heated .a
dull red glow. Plpette tips were pollshed when the s1des_
vere seen to collapse slightly. Pipettes uere backfilled
.with solut1on u51ng a fine gauge hypodermlc needle. P1pettes?;

w1th resistances of 1-5 MQ were used. They were only . used

I

gt



Figure 5- "Schematic of recording configurations with a
suction pipette. The uppermost frame répresents. a suction

apipétte in'simplé‘mechanical contact wiﬂh a'ééll membrane,
Upon "slight suétfoh: the seal between the membraneiand the
' pipette' incfeaées in, resistance into the giga-ohm range;
’Fgfﬁhér sucfion disruptswthe patch of membrane spanning ‘the
.pipette"tip. Membrane currents can be recorded under
'voitagé‘clahp from wholeﬁ cells. after disruption of the
. mémbfane patch provided that cells of'Suffic;;ht]y small
diameter'are5uséd.-The pipette can also bé withdrawn from

the cell ,to form an outsidé-out pat¢ch of membrane (cyto-

‘plasmic side of membrane is facing pipette solution).
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once-isihce.‘debrie on the tips prevented_ffermé;ian ef
giga-ohm "Seaiei“APipeftes wereﬁmounted in a microeieetrodefA
holder with a suction port (EH- 900R W.P. instruments; New,
Haven, CT). A two foot length of polyethylene (PE) tubing
(1.D. 0,032") was‘ connected to the suction port and a.
three—wa§1 teflenf stopcock. A 1 -ml gas tight_ syringe
(Hamllton #1001 A-M Systems, Toled%, OH)_and anether length
of PE tublng were élso connected to. the etopcéqk. The
pipette ,holder;'was carefully ,batkfiiled with soiutidn
. ensuring that .Ae'bubbles remained in the shahk.“The holder
was then connected to a.breamplifier (A-M Syeteme, éeattle,
WA)} éhe " headstage of} which was mounfed on a micromani-
pulator (Lei;zf Wetzlar). The micremanipulator and the
inverting microscdpe were ﬁounted on an anti-vibration tabie
'(MICEO g 1solator, Terhnlca] Manufarturnng Co., Woburn, HA).

Voltage clamp set- up The wvoltage s;gnal from the

pipette was led to the inrut of, an electrometer- with an

actiee rridge  ~ircuit. The wmembhrane p-tentinl signal was
compared *o a ~ommand voltage using a Aifferential
amplifier. The 'error’ «signal was applied tn the surtion
pirette via the current passing section ~f the elactrometer,

Rectangular pulses were generated by a WPT digitimer,
Current was collected from the bath by a current-voltage
converter. In sgme‘experiments; a converter with a feedbkark
resistor of ' GQ and a baﬁdwidth of about 4 kHz wde vred Tn
oxper\?en+s _ where current Iwvels were helow | nA, a

I R R Wlf“ a 10N 2 feedhark y~niatn~ry and n ha{\’s";""‘ nf



about 2 kHz was used (bu11t by Dr = LhaSzumi, ‘University
~—of . Texas Medical Branch) ‘The voltage clamp c1rcu1t was
designed by Dr. D.C. Eaton (UTMB) (Eaton 1972) Wlth“ ‘the.
system adjusted membrane potentlal could be made to settle

to the command voltage w1th1n 1 ms, Membrane potentlal and;,

current signals were monitored by a digital oscllloscope,fl'

(Nicolet, Madison CWI) and stored on magnetlc dlskettes.~fA
blockffdiagram< of the potentlal recording and voltage clamp
circuits is’ shown in Figure 6.

Single channel eventsg: were’ recorded under voltage clamp

from outside- out membrane patches (Flgure 5). The prpette

holder was connected to the current- voltage converter (10 c@

feedhack resistor) and the reference electrode in .the bath

was connected to the 1nput of the electrometer.;Bath poten-

Fial c~v1A thep bhe clamped to variens potentlals.

S~Tutions

External and pipette solutjen ave listed inm Table 4.
The composltion .of the pipettes eolution mimicked.intra-
cellular lonic comrnsiticon, j.e. low Ca?* and hlgh K*
cencentrations. All solvtinong were made Wlth dlst1lled water
and the pH was adjusted to 7.4, Chemicals were purchased
from 1ecal suppliers if the supplier is not listed. Tetrodoc
toxin (TTX) and CdCl, were pPurchased from Sigma (St. Louls,
MO). S1TS (4-acernmino—4'—isothiocyano—z,z‘—dlsulfonic acid
stilbene) and DIDS (4,4'~dilsothiocyano-2,2’-disn1fonic acid

stilbkene) were purchased from Pierce Chemical Co,



suction - ' ' - .

~a -

Fig%re I6; FExperimental arrangement for voltage clamp
recording. A single suction pipette is uvsed to record
voltage and pass 'current simultaneouSly. The rectangular
box, denotéd S, 1is the port on the electrometer which
permits current injéction. Ma~roscopic curﬁgqjs were
collected from the bath by a ~urrent-voltage converter (I,
in pA). V., is' .the membrane potential recorded by the
electrometé; (mV). V. is the command voltage fed into the

differential amplifier of *he voltaa- lamp cirenit (mv).
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(Rockfofd, IL) and stored at -20° C. SITS and DIDS were’madé
up as équeous stock solutions and' kept frozen in small
~aliquots until use. For Cl- substitution.éxperiments, NaCl
' Or-KCI were replaced by egual molar conceﬁtrations of
méthylsulphate (CH;SO,-) (pPfaltz & Bauer, Inc., Stamford,
'CT) (Hutter & Noble, 1960). CH3SO,~ has been reported to
reducé*&f&ﬁii@d Ca?' concentrations by about 20% as measured
with Ca?*-sensitive microelecttodes (Renyon & Gibbons,
1977). Tﬁerefore, the Ca’; concentration was increased in
’ cn,so;' solutions to‘keep the final conceh;ration of ionized
Ca?* around 1.8 mM.-Pipefte solutions were filtered with a
membrane filter (0.2 um). | ‘
Prior‘to'expériments, tissue culture dishes were rinsed
several times _with recording  solution. Solution was
‘aspirated with a Pasteur‘pipette to remove'debris.from the
surface. Dishes were p}aced?on fhe stage of an inverting
microscope fitted with phase " contrast optics (Olyﬁpus,
Caréen, Don Mills, Ont.). In 'some experiments, the bath
solution was changed by. gravity-feed from .an elevated reser-
.voir. The volume of solution in the culture dish was reduced
to less than 1 ml by inSertihg two Plexiglas wedges sealed
to the dish with Vaseline. Compiete exchange of soiu;ioﬁ
could be acremplished in less .than 1 minute.

-

& ¥

Liquid junction potentials
Liquid  junction potentials were measured for the

cuction pipettes. These potentials. exist at the tip of
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conventional microelectrodes and are brought about 'by the
separation of ions with different mobilities at the inter-
face of the pibeffe and ' bath solutions. »Pipettes were
immersed in thevsame'solutiou as ‘they vere fiiled w{th.and
the potential vas set to aero. Bath selution was changed to
uarious recording solutions. No chanée. in potential was
" observed for any ccmbination of fecording sdlutions. vDuming
this ‘procedure, a salt bridge ;as employed in the bath to
minimize changes in reference electrode potent1a1

Under all record1ng cond1tzons, currents and potent1als
across the membrane: were descrmbed with the -usual conven-
t1on. The external s1de of the membrane-'was taken as
. reference. Currents flowing from the internal  to. tﬁe
external side were posicive andfdisplayed upwards. |

_All experiments were done at room temperature.
C. RESULTS

Whole-cell patch. clamp technlque
¥ The whole- cell recordlng configuration of the single
suction pipette voltage*clamp (Hamili et al., 1981) was.
utilized to' control the membrane potent1a1 of myoballs. In.
order to achieve adequate voltag; clamp of the surface mem-
brane potentlal several condit;ons had. to be met: 1).the,
seal resastance.between'the pipette and the cell membrane
had to be ‘high; 2) the resistance in series with the celi

membrane -had to be low enough,to.be ignored or compensated



69

.for and 3) the intracellular, space had to bé isopotential.

An equivalent circuit for pipette and cell membrane is shown

in Figure 7. : N

Establishment 'of giga—ohm seal- Sllght p051t1ve-

pressure was applied to a suct1on p1pette via a syrlnge and
the pipette was-lowered‘lnto the bath solution. The positive
pressure forced solution out of the pipette- aud served to
keep dehris‘off the‘tip.dPor voltage clamp.expefiments,'the
claup circuit was activated and the potential was adjusted

- to g1ve zero current. This is termed zero current potent1a1

;ereﬁce potent1al for later measurements.

A small rec angular voltage pulse was applied to the pipette

'fand the resistance monltored cont1nuously. Under a .magn1f14

cat1on of 200x, the tip was gently pressed agalnst a myoball
membrane ~and . the positive pressure was. relieved.
Occasionally, .a giga—ohm‘seal formed at this time as judged
by a large increase in pipette input resistance to the

 giga-ohm range (Figure BA). Most of the time*though, ‘nega-

A, tive pressure had to be‘applied_to‘the pipette interior by

mouth to cause a giga-ohm seal to form. The development of =

seals 0ccurred abruptly within secondsA of application of
negative pressure. After the 1nput re51stance of the p1pette

1ncreased the voltage step was 1ncreased SO that the resis-

tance. of the plpette—membrane seal could be measured .Seals

in the range of 1-10 GO were obtalned routlnely w1th
) plpettes that were not heat pol1shed Heat pol1shed plpet{_s

gave seal re51stances of over 10 GQ..

T
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Figure'7..EQuiva1ent circuit for pipetie and ééll ‘membrane.

A "diagram of a cell attached to a suctlon px"tte in. tha

wvhole-cell recording confxgura;1on 1s shown ih~1A and ‘the7

equ1valent- circuit®is shown in B R 1s the resxstance in

~vseriés with the cell membrane (MQ) Rseal is the

: shunt'

re51stance ‘of the cell membrane- p1pette seal (GQ) Cm and Rm a

are the capac1tance (uF/cm’) and the. res1stance (kﬂcm’)

the cell membrane, respectxvely.
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Fxgure 8., Currents recorded at different.stages of whole .
_cell ebordzng Establishment of a giga-ohm seal'_was
‘observedjas a large increase in the input resistance/of'the

pipetteltc he giga-ohm range (A). Response to a 12 mV

]
*

byperpcla‘~zing voltage step indicated a seal resistance of

abbu; 3 _9.'Af£er applying furtber‘suction- rupture of the‘
amembran patch spann1ng the pipette t1p was 1nd1cated as ‘a
sl1ght decrease in 1nput res1stance_ and an increase ig
capac1tat1ve current ‘ (B). /, Tbe capacitative cﬁrfent-
1ncreased because the capac1tance .of. the cell now had to be .

charqsiih Input resxstance of the myoball was 1.97 GQ. The
Attt ) ' 4 )

= myoball ad a dlameter of 16 um wh1ch gave.a' surface area’

of 804 um aSSUm1ng a: spher1ca1 shape. Mu1t1p1y1ng the 1nput
re51stance‘by the surface area gave a un1t membrane re51s-.
gance of‘ 5.8 kﬂcm . The background noise was larger for‘
'the whole-cell recordlng conf1gurat10n (B) than before rup*
ture of the' membrane,patch'(A)'because of_the‘addltlonal
B capacitance (cngenwickf Martyj&’Neher, T982).’Input.resis;
tance of the pipette was 5 Mﬂ-befcre,tcbcbing the myoball.
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Measur'ement of . semes resistance: = To di-srupt the,
membrane patch spannlng :the p1pette tip, brief pulses of
-negat1ve pressure were appl1ed by mouth Small. voltage Jumps :
=howed ~ that the dlsrupt1on of :the 1n1t1a1 patch . was
accompanxed by an increase in the input capac1tance as the
1-cell membrane~ now had to 'be charged (Figure BB).‘Cell4
capacitance, G; could be simply ' degived from ‘the total
“aEmount ;f charge displaced Q, dur1ng a step command of

amplitude, z;V accord1ng to C = 2 Q/ NV, after _subtract1on
of‘ pipette capac1tance. P1pette and holder capac1tance were
determined befpre disruption of the: membrane patch and
.typically ranged from ‘3cl0 pF. Fcr theu data shown in
_figure 9; cell. capacitance was calculated to be 56 pF. For 8
‘mydballs, the_ value was 58. + 28 pF (% t S.D.). Assuming a
spher1fal shape, a un1t capac1tance of 7 uF/cm?® was obtalned
for the myoball in Figure 9. For .8 myoballs, ‘the value was
6.4 £ 3.0 uF/cm?* (& %+ S.D.). Unit capac1tance of cultured
- chick myotubes has been estimated at 3.9 uF/cm? (Fischbach,
. 3 Nameroff & Nelson, 1971). The unit capacitance cf a‘,cell
membrane ~is; about 1 uF/cjn2 (ﬁodgkin, Huxley & Katz, 19525;,
Thus;'for cultured chick muscle, there appears to be a'small
contribution rfom transverse tubular membranes cor from

lnfoldings in the surface membrane. The input resistance of

the myoball (Figure: 9) was measijiied from'the steady-state

current level dur1ng the voltage res onse and. was 1.56 . GQ.
This gave'_a, membrane ,reSIStanc 'dfi 2. 5 kem? . For 12

myoballs, membrane resistance vasvcalculated to_be
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L2
Figure,9..cepacitative current under voltage qlamp.'Cuffent,
Ateéponseato a hyperpolarizing voltage etep>of 44, é mv :is'
'shown in-the inset (a) . em1logr1thm1c plot of current as a.
function of time gave a 51ngle'exponent1al fit y1th a} ulme
qphstant of 980 us (Bje From the.iqtegréiebf thevcapeci~e
tative current }eeorded before the ~membrane pateh ‘was
~broken (data not shown), the capac1tance of ‘the plpette and
pipette holder was determined to be 4 pF. From the 1ntegra1'
oﬁ the capacitative ‘current shown.rn A, a»total capeeltance
of 60‘pF was obteined SUbtraCfing"pfpette capacitaﬂcé from.‘
this value, a cell capac1tance of 56 pF was obta1ned - The :
t1me cpnstant bf the dec11n1ng phase of the capac1ta;1ve
current together with the value for cell capacitance gave a
value ef‘15'Mﬂ for thé series reSistancev The inbut ”reéiee
tagfe of the plpette before touchlng the cell WaS 5 MQ The
DC currrent response (A) was 2B pA g1v1ng a value of 1. 6 GQ
.Yor'-the"lnput\ res1stance of the myoball Dlameter of the
*myoball vak 16 um. ‘Unlt capac1tance was 'calculated to be.
7 uF/cmi. Membrane re51stance ‘was 12.5 kQcm? |

.

{
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9.9 + 4.3 kQem? while thgiinpuf resistancé was 1,2 ¢ 616 ﬂGQ:
(2 + S.D.): : - o
’ The'vaiue of the series resistance (R,) could bg deteéer-
mined from the time cbnstant‘of the-decliﬁe'6f fhé capaci-
tative current according t§ R; = 7/C (Marty & Nehér} 1983).
In ?igufe 9B, the capacitative c?rrént decayedféxponentially
with a timixconStant of. 980'us. R, was calculated to be
17 MQ, ' The input resistance of the plpette was 5 MR before
% touchlng the cell. In the best cases, R, was 3 5. §1mes the . 
~input resistance of the pipette. )
+ An alternat1ve method for estlmatlng the value gf' R, .
E:\T\\was to apply av rei;tlvely large hyperpolar1zlng current
pulse to the pipette (current—clamp) ~after the membrane
patch had been, broken. The voltage drop across R, was
manifested as an instantaneous vqltage dréb at the break of
the pulse (Figure 10). qulthe myoball ého;n in Figure 10,
~ the voltage dfob-was_10,2 mvV giving a yélue of 16 MQ for R!.

. 7 .
se a single pipette to measure voltage

The ability

and pass cugrent simiMapeously depends on the magnitudes of
| A eous- & ,

R, andl of *the membrane currents. If.the producf of R, ana

/

current is 1arge, then the true potential across the¢’

e

membrane will ‘deviate from the comhénd'-voltage'by that
amount. 'For this‘reason, it was 1mportant -to m1n1m1ze ‘the

value of R.. The followlng precautlons were taken° 1) use of
-, ‘1ow resistance pipettes and 2) selection of small . diameterv. 
.-p; e

myoballs. Occas1onally, capac1tat1ve tran51ents were long




N

Fagure 10. Voltage respanse‘undér current clamﬁ. A rect-
angular hyperpolar;zlng current pulse was '’ 1njected and the
voltage response recorded (A). Gaps in tae voltage response
immediately following _the. turn-on and‘ turn-off of the
‘current step (see enlargement) were the result of voltage
drops across_theAresistancé in sefigs’(R;) with the myoball
membrane. The instantaneous voltage drop was_10.2 mvV for a .
'620 pA current step giving a R, value of 16 MQ 'The inpuf
res1stance of the' p1pette was 5 MQ. The input re!1stance of
the myoball vas 15§bMQ and the diameter was 27 um. Unit
membrané resigtance Swas calcuiatad to be 3.7 kQcm?. Semi-
logrithmia,ploﬁ of voltage as a function of time (B) gave a
"single exponential. This indicated that the intfaceilular,
space was isopotential. The measured time cbasﬁant (r) was
15.8 ms. - Combined with the value for membrane resistance,
the unit capacitance was calculated tovbe 4.3 u?/cm; or a

total capacitance of 103 pF. o
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indicating advlargﬁ R,. Repeated appllcatlons of pulses of
suction usually resulted in a SUdden acceleration of the
capacitative trancient. This suggested that tha slow time
course was the result of 1ncomplete rupture of the membrane
patch »6r of rThQang of the p1pette tip with 1ntracellular
material. Most of the time, this procedure brought about a
stable change in the transient. Data was only accepted for
analysis ie the pr~duct of R, and maximal current was less
than 3 mV. Neo R, ~ompensation (Hbdgkin & (Huxley, 1952a) was
*mplnyed as this reestriction rould generally be met;\
Spatial control f veltage: Another impqrfant
crnsideration wae spatial control of voltage. Becahse of the
leng, Vibnlar rerpbelogy of muscle cells (myotubgs)pgrdQn in

tissue o lture, the cable properties of these cells prevent

ddequats  rortrel  of membrane potertial under voltage clamp
(Fukbuvda et ~1 ., 177¢p) . To avoid trie prohlem, the shape of
the riu-rlee re'lea wa- 5]+ar94 by i+ 'uding c-lehicine in the
R N me ia (Fuk@da <! =1 1976a). When grown n
Pho g cen . f eele daine, th m aecle el1'c asesumed a
' LRI I P | rhimp e (T labra ~) The nffar‘\f ~nf ro'chirine
e Tl Tea vre preminn) ly the raeult ~nf ‘g inhib}

v ' L T 'x"v;V\ ( VeapraAd e, Rory iay,

Trn tera teveral o Jqieat fene bhat the intrarellular
L mep tent T ThAer vy ent vlnmb, A '”Ctaﬁénlar
A 7 are = uelbage e rnec whieh c~uld  be

. o o ! . e ! 1 LR A | ., 197)
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(Figure 10B). As “well, the caplicitative current recorded
e AR . \\ o . ko) 1 ]

[

under voltage clamp had aﬁ\ékaggntial.declihe (Figure 9B).
Spatial control of voltage' w;;\SisQ\feflected in current
_ . ~

voltage-plofs of time-dependent qurrents'(cf\daﬁgk et al.,
' . e

1975). Adequate spatial vcontfoll was rgfleéted iR current

R ~

voltage plots if the curve was nearly symmetrical around the-

peak inward current. Whereas peak current levels were
attained within a few millivolte of threshold if voltage
control was boor (see Figure 39}, - This" is because the
voltage clamp cannot oppose, the depoIarization caused by the
opening of channels. 1n genera?, current-voltage plots of
ihwa%d currents wvere symmetrical. Podr voltage control was
also apparent %nom the membrane veltage traces as deviations
from the réctangular shépe. This was qenera]lyr-not seen
except when membrane currents were very large (se&era] na) .
Fxcﬁanoe of pipette ‘and }ntrnce77ulaf solutions: The
whpie*cell recordirg technique offered the opp~ tinity to
alter intracellular jon comrasitian ard te apply Aruave ke
the cyteplasmic eide of the wamkran- . There was every
evidance that, preo-ided the CTAPACital 've - apsient wae frar

. , . . 1 ,
e*ﬁhanqe N o vryeAd hatwren piporro andg ruerhall ~oluticng

within ~b -~y ne mi te,. The myobhalle had ~ rtwa'A cuUrrent e
(Figure 11)  yFieh quickly  digarreared if the ripette wna
filled with K frec enlutic: (o rerlac~ ment) fentaining

tetreatbhy "pymes 4 CTRAYy, Fe'd T N Ce are Fncwn t-

v . vV . ' ' ‘

80
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11. Outward membrane currents. Depolarizing voltage

steps were applied from a holding pot\ntzal of -60 mvV. Four

voltage

are superimposed. The currents apﬁéa:ed to exﬁibit
dependent inactivatijen. Repetitive volfége\ steps
200 ms) rednced the outward current level. After a

second rest, the current 1level returned to the

level (Aata not ehown). Fxternal solution was normal

containing 1077 M OITY oA 1 0 M AT Pipette snlution was"

145 et v )
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(Hille, 1970) and the outward - ‘ e most  likely

‘;cafried by. K*. Also, as wili be shown«lat%f‘ ’-mbrane Cl-
‘currents could be ﬁade to reveree aé differenf“botentiais bf
valtering the"iﬁtracellular ¢oncentration of Cl-.

| "It was My experlence that the use of suction . pipettesx
to” penetrate a cell 1nfl1cted much less damage than con-
ventional'mieroelectrode' impalement. Whole-cell recordlng

could be performed for per1ods up to one hour without v1sua1

" or electrical 'signs of deterloratlon.

In summary, the use of singlé suction pipettes for
4whole—ce11 voltage ciamp had the following characteristics:
.1) adequate control- of membrane poteﬁtial; 2) opportunity to
alter intracellular ion concentrations and to apply drugs to
the internal surface of the membrane and 3) minimal damage
ep the cells. In addition, the membrane-pipette seal was
h chanically.ﬁﬂgtable. This allowed the fordation lof

cutwide-out patchbs for the recording of single channel

currents (see Discussion).

Membrane currents under v~ltage clawmp
[ pakage cunrents: Time~independent currents are
termed leakage currents and mret be subtra-ted from

time-#ependent curréente. Teakage condurtan~e wan acesumed to

1fnea{ly related to potential over the raqaﬁ o

potentials at whi~h time dependent rurrente were studied.
Leakage cnrdu-~tance was Yetermin -3 "y arp'ying small, hyper-

r,w.‘;.;nv:vn. ls.,,r,, oy ety : 1 RSN - ' gl Ay MR IV



Figure 12, Detefminétidn 6f'1eakége Conéhctéhce: Recoids of
voltage and current during hyperpdlarizing; v&htégé stees
fr;;“ a holding potential of -60 mV‘(A) Po%?ntlal to wh1ch
the membrane potent1al was stepped is 1nd@§ated besade each
current trace. Current maghitude was pkbttedqas ‘a funct1on
of test potential (B) The slope of the {1ne gave an-ﬂanput
resistance of 0.55 Gf. ‘Myoball diameter was 25 um, Value
calculated for membrane re51stance was§10 8 chm The Eealh

resistance was 2 G§.

re
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“ﬁas ccnsfructed//and conductance was determlned from the'

slope of the 11ne. Th1s value was used to calchlate ;eakage

& i

- curfents for depclarlz1ng voltage §tepsﬁ ’:ﬁfé' S |
- L Voltage- and. time-dependent currerdts: &Upder . v‘oltage‘
| clamp condltions, and ' with the p1§eﬁte and bath solutlons
| approx1mat1ng normalj 1on1c 5pmpos1%1on, responses - ;o

depolarlz1ng/ voltage steps were‘recorded (Flgure 13). . There

was a fast inward current wh1ch wag blqcked by 10°7 M .TTX

and’ was presumably carried by Na* (Nacahash1 et al., 1964)

R}

At more depolarized potent1als, outward.cunrents developed.

They were probably carried by K* since the‘outward chrrent§ 

‘were absent when the pipette solutidn contazhed 20 mM . TEAJ‘

%

(Stanfleld 1970b Armstrong, 1975) The srqg\:nward current
and the slow 1nward current flow1ng durlng repol%rzzatlon te
;hé. holding potent1a1 vere 1dent1f1ed as Cll currents. They
are descrlbedpln more deta1l in the follow1ng>sect10ns. ﬁh"g
currents have also been reported. in these cells (Fukuda et
al., 1976b), but they were prcbably masked by ‘the other
currents. Under current clamp, ailo?g &uration action poten;
tial (Figure 14A) and a short, fast spike (not shown) were
‘observed. | | |

Voltage- and time—dependent"‘ chlor i:'de eurrents: To
isolate the current flowing throughétne voltage-dependent
Cl° conductance, currénts flowing through the other permea-
bility pafhways were minimized by including cnannel b10ckefs

in the solutions and by substituting “impermeant ions for

e » e - 85
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ngureﬁ 13. Membrane currents under voltage ~l2mp. Depolar

izing voltage steps were applied from a holding potential of

¥

~60 mV. The potential to which the merbrane rotential was

stepped is indicated beside each rur-ent trarce. Fxterna' and

pipette salutions vere noppel ¥ oy

fan e ran! tymreg rern

retovched.
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Figure 14. Chlorlde act1on potentials, Under current clamp,
a long dhrat1on action potentlal wag ellcited (A) Small
-hya'rpolarlzlng current pulses were g1ven cont1nuously to.
‘show the change 1q¥membrane res1stance durlng the actlon
potential. Resting 1n§ut re51stance was 0.6 GR. At the top
pf the blateau of the action potent1al ‘1nput res1stance
'dropped to 0.2 GQ. Dur&ng the repolarlzat1on1phase of . the
action potential, input resistance increased to 1.3 GA.
Resting potenrial was -70 mV. Duration of action potential
was, 36 s and he1ght was 60 mv. External and plpette solu-
tions were normal. Part B shows an action potent1al
recorded in the presence of 20 mM TEA 1ntracellularly The
duration was\BS s and the height was 39 mV. Resting poten-
tial ‘was -63 mV and the potential at the top of the action
potential was -28 mV. Reversal potential for CIl- given by

the Nernst equation wasg 23 mV. External solution was

normal eontaining 10 7 M T and 1.0 mM  Cg?-. Pipette

melution wae &0 )



isesvessan,
‘vea, .’
.,
o

..............................................................................

o, SOHSSERT )

I 10 mV

20«

88



| | | .89
permeant'ones.'Na’ currents were blocked by 1nclud1ng 10 7 M
TTX. in the bath solutlon (Narahashl et al. 1964 ). and ca?*
currents were blocked by 1.0 mM Cd%* in the bath (Haglwara &

Byerly, 1981). K"currents were e11m1nated by using K‘—free

p1pette solutlon w1th Cs as the majorv catxon and .by

inéludin§ 20 mM TEA (Stanfield, 1970b; Armstrong, 1975),
 Figure' 15 shows recordé_ of currents elicited with
ms depolarlzlng woltage steps from a holdlng potent1a1

> e
of -60 mV As the potential was stepped further away from

the holding pd%enefﬁil _an 1nward current developed slowly
ﬂand did not decline during maintained depblarization.’As‘the‘
potential was stepped to more positive values, the inward
current rose more quickly and became larger. Near 0 mV, ,the
current trace was flat, i.e.- that was the ireversal pct’ential
:ibr the currents as no net current was flowing. This' also
showed that the other currents were successfully blocked.
Above 0 -mV currents were outward and rose more quickly than
at less positive potengiala. Following tﬁe‘delearizing'_
steps;'inward currents were recorded which did not decline
for several seconds (only partially shown in Figure 15},
Under current clamp,d_an extremely 1long duration action
potential was recordedG(Figure 14B) . Cl° action potentials
recorded nnder 'normal’ ionic conditions (Figqure 14A) had
much éhorter durations, Cbnsequently, outward K* currents
must play a role in repolarizing the membrane potential.a
rhe currents wvere corregted,for leakage rurrents and

Stendy etpte rcurrent levels ware plotted against
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.figure 15. Mgmbrane~ chlériae currents. Membrane currents
were recorded under voltage clamp durihg step depolari-
zatioAs (V) from a holding potential of -60 mv. Voltage
steps were to thg potential 1listed geside each, current
tracé: Currents. through Na“, and K* and Ca"'channéls wre
minimized by including 107 M.TTX'ana 1.0 mM cqz* in the
_gxte;nal $olution and . bz having 20 mM_TEA“in a K'~fr

solution inside the pipette: Seal rosistahéé was 2 GO,
Pipette input r;siétance was 2 MQ. R, was*G Mb. Diameter of
the .myoball was 16 um. Membrane resistance wés ca1c61nrqd
to be 8 kQcm?. Fxternal solution was n&vma] rlus the
additiohs mentioned ab ve (149 mM €1) Firett~ snlutjnan was

K*-free (155 mM 1) R B A o A T S T B

oy

leakage condAn~tanea
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depolarizing test potential {Fi‘gure * 16). Currents w
detectable 'abévef~—45f'ﬁv and were initially inward. Peak

3

inward current occurred at about --25 mV and then became less
\ " N

inward and W;everséﬂ polarity above 0 mV. Measured reversal

potential was 3 mv. Peak<5prrent density was 12 uA/cm?, Peak

. .

current densitiés,‘tanged from 3 to 20 with a mean of

17 wA/cm® for 12 myoballs.
B gt

23 -

g -
3 In two experiments, qxterﬁég - concentration was
“ \. !
changed durina the recor?ing. Whep the external (1 concen-
, 7 ‘ co
tration une reduced, inwa'? rvrents  bercame larger
indicating participatio: e T i the Furrents

(Fighre 17A)e

& e ’ v ‘
1

T ﬂomoﬁstfafe quan*ifn'iV? v oFhat tge slow membrane
currents wvere carried by €1 | rev-r-3l phfnnfiélg« for
steaGYf;tate cu%ren*s-;eva measnred in a varjety of internal
and external Cl concentratione. Care wag taken to select
piﬁégfes with §j6° tips and myh'ﬂ'ls“wi*h *mal]l diameter«s so
as to achievS t"e best rcssible navtr ' wf intracellulsrr ian

concentratiene €1 'wag v plare’ with ‘}e  imrermerant fen,

v 5 . ~ . . )
methyle Irhxte (Vutter P 11on)e 1) grre 1’R mhowe 'be
'. T
re 1t fry btwe '"'ffa ¢ UREE S F vy rre 'sore orded in
' mM vl eynn) ERIYA LA ~ mif nte nl "l the mqasured
revayrenl p tentian' wan 1 e m, 'i've "j‘\!’li}';"" prtert inal
Uy

calovlated fr mw the Nerrt o ~v1 - 1R v UEET TR boae s
myoks]] in 149 nre ewternal e : met HETE JPSNRPN C1 T
menr  re? revercnl pt et 1 ag IR

eq: ! m [ Yo



Figure 16. Current veltage plot of “ chloride 'currents.

Magnitndes of rteady-state currents were corrected for
L ' T

Jeakage currente 3nd plotted as a function of depolarizing

Fest potential. Measured reversal potential was 3 mV, Peak

current densityfwasflz uA/cm? (measured at -25 mV). Data

1
'

3

erverent s ehewn in Fiqure 15.
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Figure 17. Effects of chang1ng external chlor1de concen-,
trations om membrane currents. Qurrqnxs, recorded during

depolarizing voltage steps to =-19 mv from a holding
poteh;ia1 ~f 60 mV (A). External Cl- ‘concentration was
reduced frém' 149 mM  (current trace a) to 3 mM (current
trace P’ while rohtinﬁously recording from: the same
myoball. C was replaced with methylsulphate,
Cu}reﬂt—voltaqe _plots for currents ;ecgrded from two
different myoballs *ig different cC1- concentratioh;_i&e
shown in B. The curve drawn through the circles ‘is data
from recordings done in 60 mM 1ntrace41ular Cl” 'and 149 mM
external Cl™., Measured reversal poten;dal was -19 mV. The
curve drawn - through the =sguares 13 data from recordings
done 'in 1658 mM intracellular €1  ang 7EmM external Cl1°.
Measured "eversal  rotential was 15§ mV:’. ;Hcoldinq potential
vas 0 ,"{; for both. Fxternal solution c-ont‘ained 1('.)‘.7 M """IZX

]

AR R B A N X ~q’ Iyttt e o Park Vean ~antained &N mM TRA .
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_\\\\gii\iéecade predicted by the Nernst equation. The slope of
the “Line probably would_ha&e been closer to the predicted

97

The graph in Figure 18 shows the cumulative results
from 21 myoballs. The reversal potential for the
steady-state current was plotted as a -function of Cl-

concentrations. The regression line through the data points

.has a slope of 53 mVv per'decade which is close to the 58 mV

value if tter control of intracellular ion concentrations
» ’

was possible. This data gave very strong evidence that the

slow currents were ésffied by Cl-.

Block. by SITS, DIDS, and SCN":  Stilbene derivatives

have been shown to block Cl- per ability in a wide'variety
of cell types: red blood cells (Knauf\\&_ Rothstein, 1971;

Cabantchik & Rothstein, 1974); epithelial EE%LS (Ehrenspeck
SN

. & Brodsky, 1976) and invertebrate (Russell & Brod;Ts&i 1979)

and vertebrate (Vaughan & Fong, 1978) skeletal musci;T\It

has been suggested that SITS and DIDS act at the Cl- binding
site (Shami, Rothstein & Knauf, 1978). It was found fhat
SITS (1 mM) blocked the currents in a reversible mahﬁer
(Figure 19). DIDS (10 uM) also blocked the currents, but the
block could ndt be reversed by repeated washing. The

irreversibility of the block by DIDS has also been observed

>

in ~ther preparatibns (Cabantchik & Rothstein, 1974). 'SCN-

(10 mM) was found to block the currents in a reversible man-
pt .
ner as has been reported for the €1 channel in electroplax

membranes (White B Miller, 18981).

\
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Figure 18. Reversal potentials as a function of. chloride

concentrations. Reversal potentials for @Bteady-state
_ . ‘. .
"currents were measured 1in various Cl- concentr§@ions as

demonstrated in Figure 17. Data from 21 myoballs.a:ValueS

are means * S.D. The straight line was drawn according to

the Nernst equation:

.

_RT, (Cl),
EC'i - ZFIHZCIS'

Ery 15 the equilibrium . potential for Cl- (mV); (Cl), and
(cl), are external and internal Cl- concentrations (mM),

respectively. R, T, 2z and F have thé&ir uysual meanings,
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Figure 19. "Effects of SITS, DIDS and SCN- on. mémbrane-
currents. , Currents were recorded under voltage clamp. A

,control 'series was taken in normal :external solutién
containing ﬂg\’ M TTX and 1.0 mM Cd”. Pxpette sclution was,
K*'-free. Bath solutlon was then changed to one, conta1n1ng
the dlffe;ent agents while cont;nuously gecording from the
same myoball. Four current traces are supqrimposed in each
frame.‘ The voltage step protocol is denoted V. Currents,
were rever51b1y blocked by 1 mM SITS (row A). Block by’

“10 uM DIDS was apparently 1rrever51b1e as exten51v§)wash1ng
w1th normal external solutlon d1d not - reverse the .effect

(row B). Block by 10 mM SCN~ was reversible (row C).

Holding potentials were fGO'mV in B.and -80 mV in A and C.
. ] '
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Cl currents lack an iﬁac’:ti'vatlon mechanism: Since the"
currents did not decline during ma1nta1ned depolarlzatlon
(see Figure 15), thls 1nd1cated that the conductance lacked
an 1nact1vat10n mechan1sm. To test: whether there was.  any
steady-state‘ voltage dependent inactivation “ope:ating at
'negat1ve potentials, the holding potential’ was‘vnaried and
depolarlz1ng voltage steps to the' same potential were
applied (Figure 20). It can be seen that the nagnitude of
the inward currents elicited by the test pplses‘did not
change. Therefo}e, over the range of potentials tested,
there was no evidence of voftage—dependenb inactivation.

Tail cunnehts: Following depolarizing voltage - steps
that a%tivated cl- currents, currents _b€Ceme inward and
decayed slowly and completely (Figure 21),. éurrents that
flow during repolarization are termed taillcurrents. They
were-examined with a two pulse protocol. First, a large
depolarizing\ voltage step was. applied in‘order to open as
many channels as possible. Then the potential nas stepped
back to various levels‘(Figure 22A) . Magnitudes of the tail
currerts were measured follow1nq the break the depolar1zlng
step. They were plotted as a funktion of repolarization
potential in order . to construcf an 'inStantaneous'
currentfvoltage plot (Figure 22B). Data poin{s could be
fitted a straight line with an’‘extrapolated reversal poten~
tial of -1 mV. This value was very close to the calcu]ated
Cl” equilibrium potential of 1 mV and indicated that the

L |
tail currents were carried hy f1°. The straight Jine fit to
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Figure ,ioﬁ Lacf“ of woltage—dependent .inactivatién. Cl-
currents were recorded ‘ther voltage clamp. The. holéihg 
potentiél was"vari;d,'5460, -70, -80 aﬁd  ;89 mV, ‘and a
depolarizing voltage step to -23 mV was appi&ed% Four traces
are superimpoggd. Note that the steéay—stgtg current level
vas identicél in all four runs. Extérnal soluéion was nérmal
containing 10°7 M TTX and 1.0 mM ca?-, Pipétte'sqlution‘was

K'-free,
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Figure 2'. Tail currents. r‘\rT>Qf= ftowing during repnlar

j7ation to ‘aricug potentiale fFnllowihg A Aeprlari-ing step

to 3B mV for 00 me are ebirmun . Potential Avring repolar-

\7zatrtion: is lieted bagidr ea‘h trace. Hn]ﬁinq roten ‘a' was

60 mV. Brterecn]l galutian wae narmal containing 10 7 TTX
.

and 1.0 mM 37 Tipet'a solution “wasc K -frer. “eal

'"qiStanCe was 4 "0, n [T Voorp ot vyt age e ] VYL

piprttr wps 700
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Figuré i?,‘ihstantaneous currenf-voltége plot. Four super-
imposed traces show the prétocol for collecting data for
instantaneéus‘ current"vo1faqev plot;A (A).’ Following a
depolarizing voltage =step to 40 m\'f,"' the potential ' was
steppéd to varicus potentials. Tajil current magﬁituaés were
measured frllowing the break of the depolarizing pulse and
corrected foy leakage .conducténte.'4Va1ues were plotéed
against repolarization potential  (B). Data from tail
"u;rents are rppreqent;d by fill;d circles and from
steady~state currents by circles. Data points fell on a
straight line with a slope of‘B_? nS. Diameter of myoball
wvas 13.6 pym which gave a conductance of 0.55 .mS/cm?,.
Measured reversal potential Qn# -1 mV. Holding potential
was 60 mV. External solvtion was ndrmél ~containing
10 7 ﬁ TIR an’ 1.0 =M 732' Pipette epoluition was K'-free.

Srgl cor g e . e 1 Y M yae R MQ . R;,, nf pipprte was

P
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the data -also. indicated that the open channels behaved

ohmically. The slope of the lihe gave a conductance value of
3.1 ns. The mean value for 10 myoballs was 8.3 + 3.9 n§.
(x + S.D.). Ca1cula€ed per unit area the :-mean conductance*”

was 0.63 + 0.3 mS/cm?.

"

Tail cufrents were also'exaﬁined by wvarying tpe qur—
ation of the depoiarizing teét pulse (Figure 23). Membrane
conductance was ralculated from the éteady-statem and Ltheu
*ail corrents at the end of the depolarizing test'pulsew The
valner we e rlotted as a function of time and it can be seen
that the time coyree of the\;onductance chahges calculated
from koth steady state and tail currents wa% similar. This
result  enpparted the idea that the tail currents were
flrering through the conductance mechaniem activated duriné
the Aepéiariv¥nq pulse.

C1 conductance as a function of voltage: Since the open
~harnels vere foynd to behave ohmically, the fFr1lowing re-~
latiro hiy =« 1@ he applied: 1 - G(v - Vievy)- 7 is current

(praty 6 e condurctance (mg): vV g voltage at which current

wae meoncvred fev) oapd v ie the reversal potential Amv) ..

. - < S e e e . ¥
Meing thisg velation, conduect nre was. . calculated and
nermali T with raeypeoy to the  maximum  value for each

my Ak 1) (Figqure 24). Tha resnlting furve reflerts the frac-
ticn of channele apan at a given memhrane potential. The re-

tati~nship  hetwaen condictance and voltage was sigmoid. It

~ <« .

]

rtoee chaply ketween X AN S0 TV and leveXed ~ff at .

-

Proir e ke S s ] Mhe paar c Ay far mavimal )



Figure:23. Envelope of ﬁajls. Currents recorded in.responsé
. to depolarizing steps to =29 mV from a holding poten;ial of
-60  mV . are SUperﬁméoseQ (A)._;The duration of the
depolarizing bﬁlse Qas lengthened és indicated in the
diagrah (v). Pulse durations shown are: 12, 30, 50['100,
150 and 5%0 ms. Conductance was calculated at ‘the
termination of the depolarizing pulse from both the
sﬁeady~state currents (ciréles).ahd from the tail currents
(triangles) (B). The values ére,p}qtted as a function of
time. Note :that the time course of the conductance changes
calculated from either the steady—étéfg or 'thé  tail
currents folloved a simﬁlér time course, Reversai potential
was 0 mv . Externalu,soinﬁion;,yas -normal pdp;a;ﬁjng

10"7 M TTX and 1.0 mM C3*'. Pipette solution was K°-free.

' -Geal - vesistance  -was 5 GO. R, was £ MQ. R,. of pipette was

1 MO,
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Figure 24. Conductance as a functibn of voltage. Con-

-

ductance was calculated according to: I = G(V - Viev). T is

current (pA); G 1is conductance (nS); V is membrane .
potential (mV); Vrev 1s measured reversal potential (mv).
Conductance values (G..) were normalized with respect ‘to

AR S
.“the ~‘maximal conductance 623" for each myoball. Data from

.ﬂ'Sﬂhjbﬁalié{'Vélpes_a;e_mean§m¢.S.E‘_Smoqth curve drawn by

oy
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conductancexwas 1.03 + 0.7 mS{cmé (x”iis;b;}'n 13).

. The relationship between.él; conductance and membrane
potential ceuld also be Seen in thevcBrrent—voltage‘plots,'
if the magnitudes.of the tail currents were »neasured 'fbf'
eath df the - depolar1z1ng steps (Figure 25). The resulting
tail current ampl1tude versus voltage curvev‘shonld be
proportlonal to the fraction of open channels at each poten-
- tialJ The curve resembled the curve in Figure 24 in that it
Jrose ~steeply from -40 to 0 mV and then started leveling offf

o

'above 0 mv, ..

Plotting C1- conductance as a function cf voltage on a
semilogrithmic plot showed that the values approached a
limiting value of 8 mV for an e-fold change in conductance
(Figure 26). Thus, the Cl- conductance exh1b1ted high vol-
tage sensit1v1ty. The* Na* conductance of - frog skeletal
muscle .has been reported to rise e- fold for a 3. 7 mv . depol-
arization (Ildefonse & ~R‘Gug-}er,,,_“\]Q?z; Hille & Campbell,
1976). - : -

Cl cunfent:activa%ion kinetics: Semilogrithmic plcts
of C1 currents as a function of time gave straight line
fits suggesting a monoexponential time course far current
activation (Figure 27). However, it was found that the
‘currents - could not’ be completely described by a 51ngle
erponentlal as the flrst 6*10 ms of current development dld'

not fit. There appeared to be delays ef several:ﬁllllsecdnds;"

,1n the development of the Cl" urrents.r Unfortunately, “"the: -

"'jlcapac;tative transients obscured most of the delays. In

. ol
-’ o - T - A . . R

s e e Y e ae e e ew @ m o e e a e s e e ) Bae s e o s e oata
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" 'Figure 25. Current-voltage plot of ‘tail cufrent maghitude.. - .-

Steady=state currents’ (circles). were plotted . -against _

-

‘depolarizing  test potential. Tail " current- magnifudes.

(squares) were measured immediétely after the turn-off of
the .depola:izing test puise andv plotted against test
potentiéla, The }resUlting -tail éurrent amplitude curve
should be .prepottional .to' the fraction of channels that
were ac&ivatea'at the depolariging tgst pOtePtiél. Comparé

to the conductance versus voltage curve in Figure 24, Data

taken from the currents shown in Figure 15

2
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Flgure ~26. ~Sémilogrithmic plot ,off‘ﬁdnGUCténéei~ aS" a.-

" funct1an of; voltage. Normallzed values of Cl“'conductance

(G l/Gml )were plotted agalnst voltage on semllog- paper,

fbata ‘same - as . in*.Fzgu;eA 24. L1ne through the data is a5 f_gi

“

v-regre551on - line fit,-tpa_the,.,conductance : values N for

potentlals more"negative than -25 mV Slope of. thé 11ne

gives an e-fold »chagﬁe in-,conductance . for -an 8'_vmV'
depolarization. = ; -
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figure 27. Semilbgrithmic‘ plot of current. activation.

Inward current, magnitudes for Avoltage steps to -9 mv.
(11ne a) and. to 63 mv (line b) vere plotted as  a function

of t1me. The time 'constant (r7) for the voltage step to‘

-9 mV.was 74 ms with’ an amplitude (A,) of 73 pa. -The..t1me )

v PR

- cofstant (11) fdf'"fhe' step® to "63 mV was 58 mé and the

amplltude (A ) was 473 .pAu»zTurn-on of the

voltage step, set as tlme equai to zero._Same currentf

"fraces as in Flgure 15.

depolar121ng'w;sf
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order to visualize the delays, the capac1tat1ve currents
were e11m1nated from the current records by adding current
responses to hyperpolarizing yoltage steps of “eoual
magnitude; For the traces shown in Figure 28, there was
about @ 6 ms delay in inward current development forya
depolarlz1ng step to -33 mV and about a 4 ms delay for a
step to =7 mV. Delays were found to be sllghtly shorter for
currents recorded at more positive potentrels. Plotting cur-
rent records of "this type wversus time on semilagrithmic

plots showed that the initial slope was rlose to zero -

(Figure 28B)..

;o

JTo acrount «far thess obéervér{ons, the t1me course of
activation of the CJ currents was f1t wlth the sum of two
,exponentiels:{a major component w1th ampl1tude A, (pA) ‘and
time constant (j. (ms) and a minor component with amplltude~f

(pA) and time constant To (ms), The amplltude .f'»the
minor exponential component had the oppos1te polar1ty to the
amplitude of the major exponential component in order to
account far the dn]?v i current activation, The sum of the
twe oxpwnentia§¥ asve an in%tia] slobe clese tof Zero, . The
veluee  af Ay, A, and 7, were obtained hy fitting 5 ~traight
Vine te a gamilogrithmie plot of current (see Figure °8), 1,
was roughly estimated by fitting the m~del cur-e te the
artal “uvrrent recerd. The eauation MReA tre Fit the g rent e
Fm 3 tha £y g ’grm:

M [Anexpt ¢ 77,y - Nyexp(-t,7,)]

{ e Y (RN T NN TNrrenta ¢ bty 0 ETEE B gtpaas .3..,,,.1_.,'



/,éigu;e 2'8.. Delay.of activation. Cl- currents recorded in

| response to depolarizing voltage steps to -33 apd -7 mv
froh a holding potetial of ~57q\_mv are shown in Part A.
L'inear. leakage and capacitative currents were subtracted’
from the inv_nar'd current rec s by adding the curreﬁt
responses to voltage steps opposite in polarity. Arrows
indicéte the turn-on of the voltage steps. There was a
slight delay in the deVPlopmenvt of the inward currentsg
which w'aq abn~ut A me fo; the step to :33 mV and abhout 1 mg
for the step to -7 mV. SemilJogrithmic plot of current as a
function of time for a voltage step to - 1R vV wns fitred
With a et aigh' line (B) The time ~onatant far the mager
exprnential (+,) was €7 m< and had an amp! ftude  (A,)  of
518 pA  The initinl elopre wae rlage tn zerc Annther expon

ential with a t' e rongrtan' (71,) A% v nghly 4 re anA an

ampl it vle (x ) of 4Fr v Actre an Initial eleops o ey e G

sub'rocted f1om  hoom o jor  exproenticl P erpa P
wvae @ owivh) nE oo ey bt f e Wit v o
~'n v b r 1 1 vl "~ tfy 1

A Y ! i ‘,
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7'equation to the currents was eXCellent

(pA), respectively. Figure 29 -shows that the fit of the

’ : -

“, The time constants of the ma]or exponentlal component

(r,);ueg@ fougd tgwyarymyxth membrane Eogentxal (Figure" 30)’

?; Ths{ decreased from 150-200 ms at potentlals more negative

than -20 mV to about 50 ms at potentials more positive than
0 mv. The time constants (ro)"of the min®dr exponential -
seemed to vary little with voltage, bqt the values were very
uncertain. The . presence of this component ' (delay) suggests
that there are at least two kinetically distinct -.closed
states; .
| Cl current deactivation kinetics: Tail currents had
an unusually slow time course (Figure 21), Thecefore,

consideration had to be given to. the possibility that there

was a component of the tail currents that did not reflect

‘the closing behavior of the C1 channels. There was no indi-

cation that voltage control was lost since the voltage trace
was perfectly flat and‘ the tail currents declined with
exponential time courses (discussed later). Another source
of artifact could “ave been opolarizatinan of the Ag,’AgCl
elertrnde dnr%nq the rrolonged current flow. However, this
seamnd unlikelv ae pralarizati-n wnilld be expected to distort
the rocordinq e~ f ~low and steady ctate evente (~Af Katz,
j966). A‘more likely explanation wopld hnve been the effects
of ion accumlation and/~r derleticn én n restricted space,
The fellowi- o A e e o niAanad b0 evaliate  Fhia

' SRR
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Figure 29. Fit of model equation to currents. - Curves
modelling activation of Cl- cugrents yéreAd:awn accdrding

« =

to:

-

I,'=1,, - [Aoexp(—t/79) + A,exﬁ(ft/r,)l.'

I, is currehf”ag time t (pA); I,, is stead&-state cﬁrrgnt‘
(pA); Ao is amplitude of minor exponential (pA); 7, is time
constant of minorhéXponeﬁtial (ms); A, is amplituae of
méjér exponential (pA); 7, is time constant of majdr'time
exponential (ms).

For a depolérizing voltage step to —58 mv;.I., = -464 bA;
Ao = 54 pA; 70 = 9 ms; A, = =518 PA; T, = 128 ms. . For -aiv
depolarizf%gj step to -18 mV,'I,f = *452 pA; Ao =h46 PA; 1o
= 4 m&; A, = -498 pA; 7, = 67 ms. Turn-on of Qoltage stgp
indicated by vertical bars. Data points from steps to -28
and -18 mV from a Holdinq potential of -70 mV were supér—
imposed on the model curves.'Linear leakage apd pabaéi?
tative CU:renfs were eliminated by éddiné current respénses
to Qoltage steps of oppesite polarity. Currents were from

same myoball asfin Figure 28.

X , v
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Figure 30.  Time . constants of act1vat1on as a funct1on of
voltage.‘Tlme constants for the act1vat1on of Cl1- currents
t were obtalned as shown in Flgures 27,_28 and 29 Czrclesf

represent _t1me constants for the major 'JeXponent1al

v:component'=xr.). Data from 5 myoballs. Squares representf"' k

t ime- constants for the minor exponent1al, cemponent (ro)}_

Data from 3 myoballs. ©
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The reversal potent1a1 for tall current-s uasn determlned ’
| ﬂ_follow1ng depolar121ng voltage steps of ,vary1ng duratlons.. |
”The expectatlon was: that 1f 1on concentrat1on gradlents vere
*‘chang1ng 51gnlflcantly durlng current flow then a sh1ft ;in.:v
‘Ehe reversal potentlal would be observed when short and 1ong.£;'
;durat1on puis;s‘Qe}é'édhéa}eé'<%ugure»31». For: the- ekperm%ﬂ~f32

~ment shown, the reversal potentlal d1d not sh1ft when the

cond1tlon1ng pulse was lengthened from 300 to 1000 ms.

P -

Slmllar experlnents,' with depolar1z1ng condxtlonlng poten-'s
'ttlals varylng from 200 ms to 3 s, also did not show a sh1fta"
in  the reversal potent1al (n = 7); Therefore,~1t did ‘not -
"}appear that the”effects'~of changes~,in' io 'concentratlon
gradients 'were cau51ng the slow tail- currents. It should be
p01nted out that tail currents had slow time courses even
-‘4for depolarlalng pulses to the reversal pobentlal (see step
to -1 mV in F1gure 15). -the teversal potent1a1 there
should be no net ion ‘movement. and consequentlx, no accumu-
lation or deplet1ona~rn conclusion, the slow tail currents
did not. appear to be artlfacts and must have reflected the:
closing behav1or of the Cl1° channels. ;f
’ Tail currents were fitted with thelsuh‘of_two expon-
entials: a major component’nith amplitude A, (pA) and time
constant T2 (ms) and a minor component w1th amplltude A, andb
t1me constant Ty 2ms) Atva}lhpotentxals, ‘the time constant
was- first determined for the sipw, major ‘component by’
fitting an exponential to'the‘later‘ data“ points 'énaf?;hgn

peeling this fit away from the total current to revealltbe



Figuté“‘31.':3evgrsal',potentiél.NQI -t@ilLf'currents .;forf,n

ne - o

@ifferent -duration test pulses. ‘Instantaneous current--

o

voltage plots were constructed according to the protocol in

Figuré "22." ‘Depolarizing voltage step was ﬁ§;21,mV £rom;a
holding potential of -70 mvV. Duration of ‘deﬁblariziﬁg
voltage' step was 300 ms in Part A and 1 s in Part B.

Cﬁrfént—volgage plot of the data _showédl that the points

fell alohg, the same line 'withf a-reversal potential of |

f4'mV;(C). Tail current magnitudes for 300 ms- teéf bulse

(filled triangles) and for 1 s pulse (filled circles).

Steady?state ‘current magnitude_ for the 300 ms " pulse
(gfiéngle) and for the 1 s (circle). Slope of the line ga§e
a céhductancé of 9.3 ns. Diaheter of 'myobéll_twas 30. um
which éave- a .unit cbndﬁétanqe of 3.3 mS/cmz. External
solution was normal containing 10°7 M TTX and 1.0 mM Cd?°.
Pipette solufion“wa; K‘;free.-Seal resistance was 10 GQR. R,

wvas 6 MR, R,, of pipette was 1 MR.
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faster exponential"(Figure >32). T2 was ‘8-15 times slower
. ;than T and both ‘time constants were slightly longer at'nore
p051t1ve potentLaLs.- 6r"example, in one myoball,'rj in-
r'reased from 200 ms at —90 mV ‘to‘ 260 ms at —éO mv. 7, -
increased from 1.74 s at -90 mV to 2.64 s at —60 mV Moret
-~ time constant values are glven 1n a later flgure.
The presence of the extremely slow tail current com-
fvponent sugyésted that the channels entered a 1009111V8d open’”
state trom which they returned very slowly to the closed

states. The time constant for this transition at a more

e e
-

-

pésfti&ew_membrane potential was obtained from the following ;
experinenttwlt uas_noted that the relative amplitudelof the
fast component of the ‘tail currents depended on the duration
of the conditioning pulse (Figureé 33). As the depolarizing
voltage 'Step was lengthened, the amplitude of the fast tail
component became smaller while the »amplitude of .the ' slow
tail componentbbecame larger (Table 5). W1th short duratlon
Lpulses (80 ms), the fast éQmponent amplltude const1tuted 35%
-a°f the total current while for lbng-duration pulses (1 s),
its contribution fell to about 15%. These values were
plotted as a functionfof'depolarizing test pulse duration on
semilogrithmic paper:(Figure 34). Data points were well fit
‘ with~ a single Exbonential with a time constant of 700 ms.
This then, would be the time constant (7,) for the transi
tion from the snort to the long-lived open state.

‘Figure'85 shows the two time- constants (r, and 1,l

determined from activation and deactivation of the currents.



-
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Figﬁre 32f Semilogrithmic plot . -of 'tall\\current.- ‘Tail
current follow1ng a depolarlzatlon to. 38 mV wes plotted ee
a funct1on of time. on semllog paper. Repolarzzation
potentlal was ~-70 mV (same: trace as in Figure '21) The
‘major exponent1a1 had a t1me constant (Tz) of 1840 ms and
an amplltude (A;) of 131 pA. The faster exponentlal is 'tne
'dlfference between the total current and the stralght llne.
_fit to the late portion of the current. The m1nor

exponential had a time constant (r,) of 245 ms and an

amplitude (A,) of 100 pa).
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Figure 33. Effect of test pulse duration on tail currents,
Depolarizing test pulse duration wvas varied as indicated

(V). Test pulse was to 22 mV from

a holding - potential of

70 mV. Four current responses are superimposed (80, 240,

$00, 600 ms). External rolution was normal

A
Pipette solution was 60 Cl. Sfal

containin
107 M TTX and 1.0 mM CA?e

Tesiftarce tae 1 0 p .. 0 MO Ynput  resistance .

of/ the

v et vy e a0y
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Table 5. Effeét‘of-dépOIarizing test pul se duration on tail currents.
Lo~ . . . ' s .

Test pulse was to 22 mV from a. holding potential of -70 mV. Duration was
increased from 80 to 1,000 msec, Tail currents were plotted on semilog.
paper and the two exponentials separated (see Figﬁre 32). Data from same

. myoba!f as in Figure 33.

]; o OIS

Duration . '

(msec) . Ps (pA) A, (pA) (Ay 4 Ay) (pn) M/ (A + A2)
80 141 272 3 0.35

120 | vigl 296 Wl 0.32

1A0 129 317 6 0.29
200 121 311 432 0.28’*
240 " 300 W11 .27
koo 88 319 407 n 22

600 66 314 R0 N1y

‘noo [ LRI LN 1
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Figure 34, Semiloqrithmid plot of tail\current amplltude as"

a function of test pulse duratlon A, /(A‘ + A D) was plottedA

qom]lc“rlthmlrally versus Airration of-the depoTar1zing test ‘

vy Ve ""ta firram Tables &
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Figure 35. Time constants ‘as a- func;xon of voltage. Time-

Y

L .
;constants obtalned from actlvataon and. deact1vat\on of Cl--

- .currents are p&otted versus membrane potentlal . Tail

'

‘currents were fit with the .sum of two exponentlals as shown\
in‘ anute 32..~T1me constants wfrom tail currents ate
represénted by small circles. T1me constant represented by'
the large c1rcle 1s from F1gure 34. Time constants obta1ned
from dctivation of currents are represented by half- f111ed

»

squares (data ‘same as Fagure 31). Note that-theserd1nate is
broken. '

3
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The other time.constant (r,) obtained from_ activation is not
shown (see Figure 30). In all, there were three measurable
time constants. —
Membrane currents in ‘isolated myoballs

Chloride currents: Cl- currents were recorded from
'myoballs that <had formed ' spontaneously from enzymatically

dissociated muscle fibers. Cl- currents were found

in myo-
-« .

balls obtained from 15 to 21 day embryos. The currents re-
versed at -the ,éotehtial ptedicted fo; Cl” and showed the
. same kinetic properties as the currents recorded from myo-
balls grown in- tissué culture (Figufe 36A). In some myo-

balls, the currents declined under maintained depolarizatipn
kAl

(Figure_ 36B). This decline in current was alsqloﬁsprved by
Fukuda et al (1976b). The declining phase"of the current
Acould "be fitted with a single exponential. Time constants
for the decline were longer at positive than at negative
membrane’ poténtials. For example, in one my9ball,lcurreht
declined with a time constant of 410 ms for a step to
;45 mV., For steps'to more positive potentials, the.time con-
stants became longer and for a étep'tq 52 hV, the time con-
stant was 1400 ms. This behavior is opposité to that
exhibited by currents which have voltage-dependent 1inacti-
vation, 1i.e. the raté of decline is faster at more depolar-
ized potenﬁials (Hodgkin & Huxley, 1952b). Also, é piot of
current magnitudé versus rate of decline was nearly linear,

i.e. the larger the current, the faster it declined. These

A



J
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Figure 36. Chloride currents from isolated myoballs. C1-

_—

currents Qére recordedﬁhnder vélfage clamp from a myoball
obtained from 19 diy embryonic intercbstal muscles. Part 'A
shows the' currenﬁs recorded .during step;depolafizaﬁiéns‘
from a holdinéupotentiél-of -60 mv. Four.tra§es arév super-

imposed. Diameter of myoball was 32 um. ‘Peak current

density was 7 uA/cm?. Records in B were obtained from a

myoball isolated from 20 day intercostal muécles._Diémeter_

‘was 27 um. Peak inward current density was 31 wA/cm?.

- External solution was normal. containing 107 M TTX and

1.0 mM Cd**. Pipette solution was K'-free.
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obseruations suggested that ‘the decline #Of .the(aCUrrentsiwﬂ
.resulted ~from‘ ion accumulation and/or depletlon Perhaps
some of the Cl- channels may be located in a place. where_
they see ‘a restricted space, e.qg. the.transverse tubular
.system.j ‘ ' |

ther currents: Myoballs obtalned from muscleseof a
part1cular age showed great var1ab111ty with regard ’to the
- type and den51ty of membrane currents. Hence, only very gen-
eral conclusions could be made ‘about. the development of 'exj
.cltab111ty At the earliest ages studled ‘13f14 days; most
of the myoballs had no voltage-‘and t1me dependent currents.
Outward currents were found in a small percentage of
myoballs., Figure 37 shows outward currents recorded ‘from a
myobadl obtained from a 16 4day ~muscle. ‘@hese types of
currents were absent when the p1pette solut1on contalned TEA .
'and were presumably K* currents. .

- Small‘ TTX- sen51t1ve'currents were found in myoballs

obta1ned from 17 to 21 day muscles and were probably carr1ed

LY

by Na An 1nterest1ng observat1on was made,"or _thisi N

curcent. If the myoballs were kept overnlght 1n tissue
culture, the current dens1ty 1ncreased aboutjPZS fold. For
example, for fresh 17 day myoballs the inward current den—
sity averaged 13 uA/cm After overnight- 1ncubat1on current
'den51ty had 1ncreased to around 300 uA/tm . This value was
much greater than for freshly 1solated \#8/’day myoballs
(Figure 38 &‘ 39). It was as if the- expressidn of Na*'

channels was being suppressed by something in the embryo.
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.Fig‘ure 3;1. Outward current"s.'f.ro"m isolated »myobal'l.. Currents
were recorded ~“unaer vo‘lta'g'le;." .clamp. /Depola'ri'zing ;roli‘t-age
stéés vere ai)pii'edfrom a holdipg po’tentia.l'of"—.70 mv; Four
tré"ce.s are s‘uperimvposed. 'Myyol.)éll was obtained _f'rom 1& day

embryonic intercostal - muscles. External and . pipette
" | . o

solutions were normal. ’ : L /~> :

N
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Figure] 38. Inward: and outward-, éurrents' from isolated;
myoballs. Currents were recordég under voltage clamp from a
myoball that ‘had. been obtaxned from 18 day 1ntercosta1'
': muscles and kept overnight in tissue culture. Depolarxz1ng
' test’ potent1al 1§ noted beszde each trace. Hold1ng potentxal-d
lwas —90 mv, External and pxpette solut1ons were normal. Seal

re51stance was 5 GQ;f,R, was 17 MQ Input resistance of

.pipettd was 5 MQ, Traées 7, 8 and 9 were retouched

e -



Figurg 39. Curreht-voltage plot of inward and outward

currents. Plot of peak 1inward currents (squares)

steady-state current (cjrcles) as - a function

depolarizing test potential. Diameter égi/ygoball

27.5 um. Peak inward current density was 14.9 mA/cm?

outward current density .was 15.4 mA/cm? (measured

-

.40 mv). Data from currents shown in Figure 38 and

additiohal steps.

and

bf
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, 5 ‘ | '
'Shefman‘et al. (1982) have also observed an ihcfease, al-

thoﬁgh not as lérge, in Na* channel density following dener-

v;tion‘of developing rat muscle. In addition, it ‘has been -
repo:téd- that slow-tonic muscle of the frog, which normally
does'not~have;Néf channels, éxpresses them following dener-

vation (Cull-Candy, Miledi & Uchitel, 1980).
| In suhma:y, it appeared that the outward currents wvere

the first to apéear during development. The incer A
currents appeared nert and then the Ma’® cvrvoets,

)

D. DISCUSSTON

éhlgride currents in embryonic chick muscle

The whole-rell patch clamp technique (Hamil' et al.,
1981) was found teo provide adeguate voltage c:'ntrel of the
surface membranes of myoballs obtained from ~hich evpleté‘

muscles. Slow membrane currents ware re~~r1ded f(rem myohalls

grown i  tisgue ecnlture (Figure 15 A ‘r~1 myoballr
obt~ined from mugrle that had A velrred in vj (Fiire 36) .
The rprrents werr ahnowyun to bhe - vied 'y The rovermnl
porervfi:\] f~r " he mrrents varied wi'h ) crenre trat ione
acrording t th= valuesg predivroﬂ Fy tha Me net emqiatian

(Figure 1R}, Also, the currents were hlrrked hy the atilhene
Ae ivatri-es, ®T7S and DIDS (Finuré 10} wh'i~h have hoot ghaun
¢ - Wlomeek 1 r*"mn:abi)ity ir\ ar ;n}‘\ ~f EETEE  | !yr\c,q ("qa”f

4 Fmrha el T ":'”qha foFevng o r.lntz\".'r\)"‘;, the

etk
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openings of 'Cl- channels', as yet hypothetical magro-

molecules embedded in the membrane which ‘permit tran
membrane Cl- @bvemenfs. o o v

The Cl1- currehts'were shown to produce a long duration
action pofential (Figufe 14). Depolarization of the membraﬁé

o . . .\
potential was brought about by inward Cl currents, i.e. Ci-
0

v

ions were moving out of the myoballs. In order for a Cl-
action potential to he generated, the equilibrium.potential
for C1° murt be more positive ‘than the resting membrane
poterti=1. Therefore, the intrarellular €1  dbncentration
must he higher than that which weuld ocenr as a  result of
paweiv; qgui]ihfation.ArThis suggests that the emﬁ%yé%ic
~hirk fiberé have an inward €1 pump Inward Cl- pumps héve”
teen shown tn exiet in squid avon (Kévnes, 1963; Russell,'
'979) and suggested to evist in snme mammalian skeletal
. ¥
mng¢1p;§4pg}hunty, 1978). Ontward Cl1 rumps have been demon-

s*rafaﬂ-iﬁ=Ap7ycia neurones (Rueeell & Prown, 1972¢ Russell,

1978), in ‘barnacle skeletal mue-le (Prggell & Rrodwick,

12979‘;#%"6”"’ in 72t motn cur~nes (T.uyx, 1971: T[.1'nag. ©®Pnker &

X 4 J

Py ﬁw&’ 1N74¢) The ‘re ereal rotential' of the ] action

s R .

potenti~le wac araund 20 - ?5 7 in ~hick mueecle fihers
" s

(Figu-e 2) (Rana~, '"78). Frem the Meyngt squ- ti~n, this

7

gives an intracell '»r €1 ’mﬂr'\cpv" "orien of ahent A0 mM. The

concentration wvae proehably et e high in cultured chick

muscle as the r-versal rotential «f the acti  potential was

mera ceqyet Tee (RO W ) Thin may Ve bt he goog “ha' the‘mem"

', v b c o

S (AR - X H be
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Enjected intradeliﬁlariy in -order to elicit Cl- action
potentials 1in 'éultured‘ muscle (Fukuda, i974: 'Spector’&
Prives, J???)J

‘.Ln cultured chick myotubes, it has been observed that
the depolarization phase of tﬁe €1 action potential «coin-
cided with the development, of - ~entractures. while the
repolafiwqtioh phas~ coincided with reiaxatioﬁ (Spector &
Prives, '977). In developing p.l1l.4. muscles of the chi~k,
extraqely 1~ng éuration contrantiones have been recerded in
response to | ms extracellular stimulation (Reiser & @rokeg,
19R7) ., Tho time ~urge of these unusual contractions and the
ages at‘ whieb they occurred strongly éugquF that the C1
action potential wae invmlved. Thus, the C) action gprten

tial apper'< to he Jjrvelyed in - oot

coupling in the em' y- i~ ‘iberg,

C~wrayi on with otbrr chleride Ahanne'r

.

Ve v fw ve ve A rénﬂr'nf-‘ Cl ~hannola Voo Fen
studied in  dAetnail  Of  the athar €1  haonele. o Vo the
~harnel fr~m 7('"/’@"" Ve iy []!'" macthby sneg i aimilar 't he
C1 ~h-n"nel et i A Verve T e O chann~1ig wnfq in;mr

porataed ‘nre o plonzy pb oepthaaliy T A Filayere ~nAa sy A npdary

ualtane clomp /7 ale o honps o0 A e Vo heos Ceperten
t~ bhe about 18R re (IR S PR P Y 1 M 13 1977, Ny SinAale
chanrel Y rhavies : aytremel: roemel o atr the  Yannelr
displaye ' mylt i cte ban Vo e'e noed SRLINNE T I
“‘"‘kic v poae : R ' ! !
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channeis 1showed sigmoidal 'dependence of conductance, on
';voltace (Figufe 24), Conductance was low“ (channels closed)
at negative potentials and hlgh (channels open) at b051t1ve
potentlals (Whlte & Miller, 1979) An exact correlatlon of
conductance with absolute membrane potentlal is not - p0551b1e
since the p051t1on of the conduétance ‘curve along the
voltage axls was affected by the phosphollp1d compos1t1on of‘
the bllayers. The voltage - sensitivity of chlck and Tonpedo_
C1 channels‘ was very similar. Conductance .changed e-fold
for an 11 mv depolarlzatlon as compared to an 8 mV change
determlned for Chlck Cl channels (Flgure 26) “Both - con-
ductances were blocked by SITS and DIDS (Figure 19) (White &
Miller, . 1979) and by SCN (F1gure 19) (White & Miller,
1979) ! The kinetlcs of_the macroscopic currents . were not
studied in. detail for the'Torpedo Cl- channels. However, the)
rurrents dig not show any inactivation wh1ch was tbe' case
for the’' C1° currents in this study (Figure’15, 20). The
turn: ~np and” the turn~off of the' macroscopic 'currents
follewed -sinole ‘exponential time: courses. The rise'times_
afpe"'ed'to e mueh longer, on the order of tens of seconds,
than  thene seen for chick,dl' currents (Figure 15), Also,
“hick €1 currente clearly shoved two exponent1als .during
Tenctivation (Figure ?2) wvhile Torpedo Cl1- currents did not.
Intqrestwnoly, the kinetics of the channel~forming
rvcte‘u. voltage dependent anion conductance (VDAC), from
cvter mitecchondrial membranesg (Colombini, 1979) are reminis-

SRR A R RS fhetioo W f th Q) ~urrents studied here. The
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kinetics ofi the .mac;oscopic' VDAC currents have not been
studigd-in - detail, but .the following similarities ‘were
apparéntr'(Colombipi, i979). Turn-on ofwfthe “QQCFOSCOPid
current appeared to follq& a Singlé.e;péheﬁtial”tiaéi'pohrse
with the rise time being very close to tﬁe 50-100 m§ ré;ge'
Ekund for“éhick Cl- cUrréhts. Cloéing of the VbACﬂ'qhannelé
was very slow, on the order of seconds;'fhefe 3156 éppeafed
to be two exponential phases. This is vepy simii?f ‘to the
propertgés found for  the chick C1- currenfs (Figure 32).
However, the similarity between. the two channeiéjvﬁtops
there. Single chanﬁel conductan@e for VDAC channélSMhéé been
reported to be about 500 -pS (Colémbini, 1979). It is
unlikely that-.the conductance ofﬁchick Cl" channels is that
high as the macroscopic currents wopld havé’been very noisy.
Also, the depéhdence of conductance on voltage for the two
channels is radically different. VDAC channeié have been
showh to opénv oniy over a very narrovw range of pntentials
around 0 mv (Doring & Colemhini. 1984)

Chleoride currentvkinetiCS )

The kinetiés of .the C)l] currents were more ‘complex than
coculd be described by a simple Hodgkin Huxley kinetic model
(1952p) . According to their model, tail curreﬁts measured at
very negative.potentials should display a single exponential
component ., For cﬁick ] currents, Thowever, there were

clearly t«c exponential ccwrponents even at very negative

protential- ‘Tignre 32). An r~'iecvnative ‘o the ' Agkin Huxley
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‘model is to suppose that the channels must pass through a
sequence of kznet1cally d15t1nct states Since three
dlst1nct time constants.were measured (Figure 30 '35), there
must be at least four kinetic states (Colquhoun & Hawkes,f
‘i§83) The followlng klnetlc model was. developed -
C. = C, = 0, = 0,

in this scheme, C, and C, represent closed vstates of the-
channel and O, and O, represent open ‘states. The presence of
the second closed state'(C ) was needed to account for the
delay in %ctlvatlon (Flgure 28). Although two closed states
are indicated, the exact number may be greater than 2:_tThe‘
second open state (Qz) was needed to account for.:he slow
exponential tail current_cogponent (Figure 21)..THus, during
a depolarizing PQ;;;f'channels would enter theﬁopen states
sequentiallyr~When’the membrane potentlal is repolarized,
Cl™ current ﬁodld decline rapidly as(?h;nnels proceeded from
O, to C,. But a slowly decllnlng phase of current would also
be present  as channels in 0, returned slowly td the closed
states by way of O,. |

Evidence to support the hypothe51s that the channels
have two k1net1cally distinct open states can be obtained by
observing the klnetlcs of gs;ngle‘ channel currents. The
amount of time spent in a given kinetic state (dwell' time)
has been shown to be exponentially distributed (cf Horn &
Lange, 1983). Thus, it is predicted that" the open time

histograms of the Cl- channels could be fitted with the sum

of two ekponentials. Attempts wvere made to record sipgle



152

<

Jam w

Ehanngl Cl- currents;in-ouzéide-ouf membrane patchgég\ﬁéngle
channel eventé could be recorded (Figure 40);‘hoﬁéver, no
Cl- channels with the'appfopriéﬁe voltage~dependent behavior
were | consisténtly obgefved. It was qUite possible that the
conductance was too small to be detected .with the noise
level of my set-up (any channel undef'lo pS would have been
:difficult to detect). Or; perhaps the .ch;nnel aid not
survive in outside—out,memb:ane patcheé. Séme'channels,ﬁfpr
example- Ca?* channels (Hagiwara‘h& éyéfly, 1981), require
intracellular components for activity and do not survive

“long in excised membrane patches.



Figure 40. S&ngie channel events. Single channel currents
were -recorded in eutside—out‘ ‘membrane patches (see
Figure 5) from cultured Chlck myoballs. Channel ° nlngs
are dlsplayed upwards (A). Holdlng potentials are 1nd1eated
beside each' current tface. External solution was normal
*containing 10-7 M TTX and 1.0 mM Cd". Prpette solution was'
K* -free. Current ~voltage plot gave a 51ngle channel conduc-
tance of 31 pS (B). Measured reversal potential was -5 mV'

...v

Values are means + S, D for 15 channel open1ngs
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